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ABSTRACT

Within the exciting current trend to explore novel low-dimensional systems, the possibility to inject pure spin currents in graphene and other two-dimensional crystals has attracted considerable
attention in the past few years. The theoretical prediction of large spin relaxation times and experimentally observed mesoscopic-scale spin diffusion lengths places graphene as a promising base
system for future spintronics devices. This is due to the unique characteristics intrinsic to the
two-dimensional lattice of carbon atoms forming graphene, such as the lack of nuclear spins and
weak spin-orbit coupling of the charge carriers. Interestingly for some spintronic applications, the
latter can be chemically and physically engineered, with large induced spin-orbit couplings found
in functionalized graphene sheets. Understanding spin injection, spin current and spin dynamics
in graphene is of a great interest, both from the fundamental and applied points of view.
This thesis presents an experimental study of dynamical generation of spin currents in macroscopic
graphene sheets by means of spin pumping from the precessing magnetization of an adjacent ferromagnet. The spin pumping characteristics are studied by means of ferromagnetic resonance (FMR)
measurements in Permalloy/graphene (Py/Gr) bilayers. Changes in the FMR linewidth induced by
the presence of graphene (when compared to studies with only Py films) correspond to an increase
in the Gilbert damping in the ferromagnetic layer (proportional to the FMR linewidth) and interpreted as a consequence of spin pumping at the Py/Gr interface driven by the Py magnetization
dynamics (i.e., magnetic induced by the microwave stimulus). FMR experiments are performed
on different FM/Gr interfaces, completing a set of studies designed to systematically identify and
eliminate damping enhancement arising from processes other than spin pumping. Remarkably, a
substantial enhancement of the Gilbert damping observed in Py/Gr strips with graphene protruding
a few micrometers from the strip sides is univocally associated to spin pumping at the quasi-onedimensional interface between the Py strip edges and graphene. This increase in the FMR linewidth
iii

compares with observations in other bilayer systems, in where thick (thicker than the spin diffusion
length) layers of heavy metals with strong spin-orbit coupling are employed as the non-magnetic
layer, indicating that spin relaxation in chemically grown graphene must be greatly enhanced in
order to account for the losses of angular momentum lost by the ferromagnet. The fundamental
implications of the results presented in this thesis point to a non-trivial nature of the spin pumping
mechanism owing to the two-dimensionality of the non-magnetic layer (i.e., graphene).
In addition, a spintronics device designed to interconvert charge and spin currents has been designed. A high-frequency microwave irradiation lock-in modulation technique is employed to
detect the small electrical voltages generated by the inverse spin Hall effect (ISHE). As a proof
of principle, a successful spin-charge interconversion in Py/Pt-based devices is experimentally
demonstrated in this thesis. The challenges associated with the spin-charge interconversion in twodimensional devices are discussed and systematically addressed, and a potential device geometry
for measuring the ISHE in Py/Gr-based systems is provided.
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spin injection signal can be measured.Adapted by permission from Macmillan Publishers Ltd: [Nature Physics] (Ref. 12), copyright (2007) (b ) Typical
graphene spin valve devices with cobalt ferromagnetic electrodes. (c) The
non-local resistance (voltage change/applied current) measured for this device is shown where the sudden jump/drop in the signal represents electrical
spin injection.Adapted by permission from Macmillan Publishers Ltd: [Nature] (Ref. 13), copyright (2007).
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side jump, respectively. (c) Internal Spin Hall Effect due to spin-obit coupling resulting in separation of spin polarization in non-magnetic materials.
Schematic is adapted from reference [23]. (d) For a given charge current, I,
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Figure 1.3: (a) The spin precession of the magnetization generates a spin density gradient
in the adjacent non-magnetic material. The spins are pumped adiabatically
without the need of charge transfer across the interface. (b) In typical spin
pumping experiments, where the spin polarization of the pumped spins lies
along the direction of the dc magnetic field and the spin gradient is normal
to the interface, the detection is achieved by a generated electrical voltage
due to the Inverse Spin Hall Effect. Adapted by permission from Macmillan
Publishers Ltd: [Nature Materials] (Ref. 34), copyright (2011).
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Figure 1.4: (a) The dynamics of the magnetization in a ferromagnet in the presence of
an externally applied magnetic field, according to equation 1.9. Note that
there is an infinite precession due to absence of damping. (b) The precession
dynamics changes when damping is included, in equation 1.11. The precession has to compete with the damping factor which tries to bring the system
to its lower energy state, i.e., the magnetization direction along the applied
magnetic field.
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damping.
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Figure 1.10:(a) Schematic of spin Hall effect induced spin polarization in hydrogenated
graphene. (b) The measured non-local signal is shown, where the red curve
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CHAPTER 1: INTRODUCTION

Electronics is the field which exploits the charge degree of freedom of the electron to process
information using logic algorithms. As the modern day electronic (based on charge) devices have
scaled down to nanometer size, alternative mechanisms to efficiently process and store information
are required. In addition to charge, there is one more degree of freedom of electrons called spin
and the technology based on this is called spintronics (spin-based electronics) [1]. The spin of an
electron can be pointing up or down relative to some external field or ferromagnet magnetization.
The information can be encoded into these up/down projections (similar to current on and off in a
transistor) and standard logics can be applied for computation and information technologies. The
spin based mechanism in the devices is expected to reduce operational power consumption density,
to increase the information processing speeds, and to yield non-volatility and higher integration
densities, to name a few of many advantages over charge based electronics. In addition, from
an economical perspective, the devices based on spin can be easily scaled using modern integrated
circuit fabrication technologies. The experimental realization of spin based devices started with the
report of the giant magneto-resistance effect (GMR), wherein the resistance to the current flowing
through a thin stacking of ferromagnet/non-magnetic/ferromagnet layers depends on the relative
orientation of the magnetization of the ferromagnets [2] [3]. The change of resistivity relative
to applied external field in GMR devices is of the order of 10s of percent at room temperatures,
and is being used for magnetic storage applications. Spintronics is already making huge strides in
the field of information technologies with the advent of high-density magnetic recording and nonvolatile solid state memories. It has been shown that by using torque of the spin polarized currents
[4] [5] [6] , the magnetization of a ferromagnet can be manipulated decisively, opening up many
potential applications [7]. Apart from this, spin currents generated by the spin Hall effect in nonmagnetic metals (with large spin-orbit coupling in electronic structure) is shown experimentally to
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reorient the magnetic state of a ferromagnet without the use of any external applied magnetic field
[8]. Most of the devices based on the spin degree of freedom require the efficient creation of spin
polarized or pure spin currents and, subsequently, the use of this spin current density to reorient
the magnetization of thin ferromagnets to store/read information. Primarily, applications related to
spin currents are headed to the direction of universal storage memories or sensors.
Another aspect of the spintronics field is to explore novel materials which are most suitable for
the intended applications. Ideal materials should allow for an efficent injection, manipulation and
determination of spin currents (preferably without the use of external magnetic field). There are
many materials (e.g., semiconductor, non-magnetic metals and magnetic molecules) which have
been under consideration during the last decade for spintronics applications. Within the context of
this dissertation, the new class of two dimensional materials (particularly graphene) offers a great
deal of interest due to their excellent properties. Most of the general introduction about spin-related
physics, particularly spin current generation methods, will be discussed keeping graphene in mind.

1.1 Different experimental techniques to generate and detect spin currents

First, I will discuss the short revision of different methods to generate spin currents. These methods
have been sucessfully demonstarted to create spin polarizations. Each method has its own pros and
cons depending on the kind of material under study, the injection/detection efficency, etc.

1.1.1 Electrical spin injection

In any ferromagnet the number of majority spin electrons is different than the number of minority spin electrons. By passing charge current from the ferromagnet into any non-ferromagnetic
material (in which one wants to create spin currents), spin polarized currents can be generated
2

[9][10][11][12]. Typically, the electrical spin injection is studied in non-local spin valve device
configuration as shown in Fig 1.1(a), where a spin accumulation is generated in a material by
passing the electrical current from the ferromagnetic electrode to the material. The spin current
injection/transport is measured by means of change in the measured resistance when the magnetization of the ferromagnetic contacts are parallel and anti-parallel with respect to each other.

Figure 1.1: (a) Schematic shows the non-local spin valve device configuration wherein a charge
current is flowing between the electrodes 3 and 1. Due to substantial difference of majority and
minority spin carriers in the ferromagnetic material, the injected current is spin polarized and the
spin density decays on the both sides of electrode 3. By measuring the voltage change between the
non-local contacts (4 and 5), where there is no charge current flow, the spin injection signal can
be measured.Adapted by permission from Macmillan Publishers Ltd: [Nature Physics] (Ref. 12),
copyright (2007) (b ) Typical graphene spin valve devices with cobalt ferromagnetic electrodes. (c)
The non-local resistance (voltage change/applied current) measured for this device is shown where
the sudden jump/drop in the signal represents electrical spin injection.Adapted by permission from
Macmillan Publishers Ltd: [Nature] (Ref. 13), copyright (2007).
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An example of a graphene non-local spin valve device and signal is shown in Fig. 1.1(b) and 1.1(c)
[13][14][15][16]. This method has been used to inject spin currents in a wide range of materials.
The spin injection efficiency in this method is limited by the impedance mismatch problem due to
the fact that the resistance or conductivity of the ferromagnet and non-magnetic material is usually
different (particularly for semiconductors like graphene). This impedance mismatching can results
in enhanced spin flip scattering and a corresponding loss of spin polarization at the interface. This
problem can actually be alleviated by using a thin insulating tunnel barrier at the interface between
the ferromagnet and non-magnetic material. By doing so, researchers have shown a spin injection
efficiency as large as 40% in graphene [15]. But growing atomically clean tunnel barriers free of
pinholes is not a trivial task. Particularly for graphene, where the growth of insulating an thin oxide
is difficult due to graphene’s high surface energy and surface corrugations. Indeed, there are only
a few research groups who can grow tunnel barriers on graphene surface consistently and achieve
injection efficiencies comparable to what has been demonstrated for all metallic systems.

1.1.2 Spin Hall-based generation of spin polarization

In a normal conductor, the generation of transverse electric field due to the Lorentz’s force of an
externally applied magnetic field is called the Hall effect. It turns out that even in the absence
of any externally applied magnetic field, for some non-magnetic conductors with sizable spinobit coupling, electrons flowing with different spin polarity scatter transversely creating a spin
accumulation at opposite ends. This effect where the electrons in a non-magnetic material scatter
transversely depending on the spin orientation is called spin Hall effect (SHE) [17][18][19].
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Figure 1.2: (a) and (b) represents the external spin Hall effect mechanism: spin skew and side
jump, respectively. (c) Internal Spin Hall Effect due to spin-obit coupling resulting in separation
of spin polarization in non-magnetic materials. Schematic is adapted from reference [23]. (d) For
a given charge current, I, flowing in a non-magnetic material, the transverse buildup of different
oriented spin polarization is shown.

This effect can be divided into two categories: extrinsic SHE or intrinsic SHE depending on the
underlying mechanisms of the effect. If the spin dependent transverse deflection occurs in between
successive scattering events, its called intrinsic SHE [20]. On the other hand if the transverse
deflection takes place during the scattering event, it is known as extrinsic SHE. Extrinsic SHE
mechanisms can be either spin skew scattering [21] or side jump scattering [22], depending on the
shape of the scattering potential. Sketches to represent the different scattering mechanisms [23]
are shown in Fig. 1.2.
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The efficiency of the SHE depends primarily on the intrinsic electronic spin-orbit coupling but
it can also be enhanced by external doping [24][25]. Recently, a SHE effect large enough to
manipulate the magnetization of an external ferromagnet has been demonstarted experimentally to
further advance the applications of this method [8][26]. The spin currents generated by SHE can be
detected by converting the spin polarization into electrical signal by means of the Inverse Spin Hall
Effect (ISHE) [27][28]. As this method requires the presence of spin-orbit coupling to separate the
spin polarization, one would expect to see diminishing SHE in clean graphene lattice due to the
two-dimensional nature of graphene. The absence of any dangling bonds coupled with absence
of sp3 bonds means that there is very minimal spin-orbit coupling for the conduction electrons if
any [29]. Surprisingly, by adatom engineering of the graphene lattice, a large SHE has been also
observed, giving a platform to further probe SHE related effects in graphene [30].

1.1.3 Dynamical spin pumping

In spin transfer torque processes, torque caused by the spin polarized electrons is used to reorient
the ferromagnet film magnetization or excite magnetization dynamics [7][31]. In a somewhat exact
opposite process, called dynamical spin pumping [32][33], spin angular momentum is transferred
from the time-dependent magnetization of a thin ferromagnet film undergoing ferromagentic resonance to the conduction electrons of an adjacent non-magnetic material (metal, semiconductor
or organic compounds). For a ferromagnet and a normal metal sitting next to each other, there
is no imbalance of spin-current potential at equilibrium (i.e., vanishing spin-current exchange between these two systems). In the presence of an external magnetic field, the magnetization of the
ferromagnet starts to precess around the effective field direction describing a cone angle, resulting in non-vanishing spin-current in the length scale of the non-magnetic material’s spin diffusion
length across the interface. This situation is similar to the case where charge current can be derived
between two different reservoirs by applying a time-dependent electric field (or gate voltage).
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Figure 1.3: (a) The spin precession of the magnetization generates a spin density gradient in the
adjacent non-magnetic material. The spins are pumped adiabatically without the need of charge
transfer across the interface. (b) In typical spin pumping experiments, where the spin polarization
of the pumped spins lies along the direction of the dc magnetic field and the spin gradient is normal
to the interface, the detection is achieved by a generated electrical voltage due to the Inverse Spin
Hall Effect. Adapted by permission from Macmillan Publishers Ltd: [Nature Materials] (Ref. 34),
copyright (2011).

The only difference is that, instead of the gate voltage, the time dependent projection of the precessing magnetization acts as an external knob to create spin-current imbalance. So, in dynamical
spin pumping, the magnetization (precessing at GHz frequencies) acts a peristaltic pump, to adiabatically transfer spin angular momentum into the non-magnetic material. The schematic of a
typical spin pumping configuration is shown in Fig. 1.3. Because in spin pumping the electron
does not have to flow across the interface between ferromagnet and non-magnetic material, this
mechanism is free of the impedance mismatch problem and thus avoids the need to employ a thin
tunnel barrier at the interface [34]. Once the spins are pumped into the material, the detection of
the spin accumulation is carried out by means of spin-charge conversion, i.e., ISHE [35][36].
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As the spin-charge conversion requires spin-orbit coupling, this method has been mostly employed
in materials with large spin-orbit coupling, like platinum or tungsten [37]. The detailed theory of
spin pumping will be discussed later in this chapter.
Apart from above mentioned methods, one can generate spin polarization by optical excitations
[38] or by thermal gradients [39][40], as it has been shown very recently. This thesis will be
focused on the dynamical spin pumping method and all the in-depth details about this method will
be provided ahead.

1.2 Ferromagnetic resonance (FMR)

Microwave spectroscopy deals with studying the interaction between microwave electromagnetic
(EM) irradiation and the matter. Systems can be individual atoms, molecules, soft condensed
matter biological systems, or crystalline or amorphous solids, among others. The exchange of
energy quanta, h̄ω, of the EM radiation allows to probe the internal properties of the system under
consideration. The interaction of electromagnetic radiation with matter has resulted in a wide
range of discoveries, e.g., electron spin, quantum selection rules, etc. One of the simplest example
of this interaction can be explained using a Zeeman multiplet, where the energy associated to the
transition between two different levels (say m and n) is related to the quanta of electromagnetic
radiation as follows:
h̄ω = ∆Emn ,

(1.1)

where, h̄ is the reduced Planck’s constant and ω is frequency of the electromagnetic radiation.
Using the relation:
∆Emn = gµB ∆mmn Ho ,
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(1.2)

eh̄
where g is the Lande factor, µB = 2mc
is the Bohr magneton, ∆mmn is the magnetic quantum number

difference of the sates m & n, and Ho is the external magnetic field. By taking into account the
quantum selection rules along with the above equations, the relationship between the resonance
frequency (ωres ) and the externally applied dc filed is

ωres = γHo ,

(1.3)

where γ= gµh̄B is the gyromagnetic ratio. Due to experimental convenience, in a typical microwave
spectroscopy experiement, a fixed microwave radiatiom frequecy (ωo ) is applied and the magnetic
field is swept to find the resonance condition

Hres =

1
ωo .
γ

(1.4)

Without going in more detail, it can be understood that the absorption or emission spectra associated to these transitions can shed light onto electronic or magnetic properties of a system, e.g.,
spin states, g factors, gyromagnetic ratio, etc.
One important variation of microwave spectroscopy is called ferromagnetic resonance (FMR),
and it deals with resonant absorption of electromagnetic radiation in ferromagnetic materials. In
this case, the absorption of radiation occurs when the frequency of the microwave magnetic field
matches the Larmor frequency of the magnetization precession of the ferromagnet due to an externally applied dc magnetic field. Near resonance, one can extract the dependence of the magnetic
susceptibility on the frequency of the oscillating field. When the oscillating microwave field is
small as compared to the externally applied dc field, the magnetization due to the oscillating field
scales linearly with the amplitude of this field. Without taking the relaxation or magnetic energy
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damping into consideration, the susceptibility can be written as

χ=

χo
,
1 − ( ωωo )2

(1.5)

where, χo is the susceptibility in the absence of any ac field. This implies a divergence at resonance,
which is a consequence of neglecting damping processes.
Taking damping (or relaxation of the magnetization) into account, the susceptibility becomes a
complex quantity
χ∗ = χ1 + iχ2 .

(1.6)

The imaginary component, χ2 , is directly proportional to the sine difference of the phase angle
between the oscillating field and the magnetization of the material. The imaginary part of the
susceptibility, χ2 , characterizes the energy absorbed by the system from the oscillating microwave
field and th power absorbed can be written as

2
P = ωχ2 Hac
.

(1.7)

This means that when the frequency (ω) of the oscillating ac field, Hac , matches the Larmor frequency (ωo ) the resonance condition is reached and the power absorption is maximum. Actually,
the relaxation or redistribution of the magnetic energy makes the width of a FMR resonant absorption line a finite number as oppose to an ideal delta function. Due to very high spontaneous
magnetization in ferromagnets (or the χo , the susceptibility in the absence of any oscillating field),
the magnetic resonance absorption is orders of magnitude larger as compared to paramagnetic
materials. The width and shape of the resonance absorption depends on the different relaxation
processes, which in turn are governed by magnetic interactions inside the ferromagnetic systems.
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So, by studying the resonant absorption line, a great deal of information can be extracted about the
interactions or relaxation mechanisms inside a ferromagnetic material. Also, the radiation absorption by a ferromagnetic material differs from the resonant absorption of electromagnetic radiation
by individual molecules or atoms (as discussed earlier) because in ferromagnetic materials we are
dealing with a large collection of strongly interacting spins rather than individual spins or orbital
magnetic moments. There can be a number of static magnetic interaction mechanisms inside a
ferromagnetic material like exchange interaction, dipole-dipole interaction, spin-orbit interaction,
etc., as explained next.
The exchange interaction deals with the two neighboring spins.The exchange energy for two spins
s1 ands2 can be qualitatively written in terms of the corresponding spin operators and exchange
integral J
Eexch = −2J12bs1 ∗ bs2 ,

(1.8)

with J12 > 0, yielding ferromagnetic ordering. This two-spin example can be extended to a ferromagnetic lattice where instead of only two spins, one needs to consider nearest neighbor electrons.
As this interaction deals with wave functions of nearby single electrons, it is considered a shortrange mechanism. This interaction can be large enough to align the individual moments inside the
crystal below a certain transition temperature.
Spin-obit interaction deals with the coupling of orbital angular momentum and spin angular momentum of an electron. Because the atomic ordering inside a crystal lattice define the atomic
orbitals, crystal geometry plays an important role determining the orbital angular moments. Then,
by spin-orbit interaction, the crystal symmetry is translated to the spin of the system. This correlation between crystal lattice structure and spin also provides the channel through which magnetic
energy can be damped or redistributed internally, i.e. magnetic damping can take place. Apart
from this, the dipole-dipole interaction can also induce internal fields, e.g. demagnetizing fields.
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Due to the above mentioned magnetic interactions mediated between the electrons, there could be
strong internal fields and magnetic anisotropy. This means that the effective field during a FMR
experiment will depend on the symmetry of the atomic lattice, the physical size and shape of the
sample under study, the direction of the external dc field relative to the magnetic anisotropy, etc.
This is mentioned to point out that it is important to take into account internal fields to determine
the resonance conditions in the presence of externally applied dc fields.
In order to account for resonance absorption spectra, a macroscopic theory of FMR is required. In
a typical ferromagnetic material, there is a large number of atoms whose electrons have net magnetic moments. These individual magnetic moments are coupled to each other and the environment
through different magnetostatic interactions. When a large enough external magnetic field is applied to the ferromagnetic material, the magnetization of the material is aligned in the direction of
the field. The magnetization can be defined as vector sum of the electron magnetic moments (m)
per unit volume. In simple approximation then it can be stated that a ferromagnet sample with volume V acts as a single magnetic entity with total magnetic moment mV. Also, as explained earlier
there are internal magnetic fields due to exchange interaction, dipole-dipole interaction, and local
magnetic anisotropies. This requires us to consider an effective magnetic field instead of only the
externally applied dc field. Under the influence of this effective field, if the magnetization goes
away from the equilibrium position, it starts to precess around the direction of the total effective
field. The time-dependent change in the mean magnetization per unit volume of such a magnetic
system can be described by the equation
dm
= −γ[m×H],
dt

(1.9)

where γ is the gyromagnetic ratio. The equation above is written for the case when there is no
oscillating microwave field. Notice that the length of the m vector remains the same as it changes
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in time. So, in the presence of external magnetizing dc field, the magnetization vector precesses
continuously around the effective field with a Larmor frequency of γH.
Eq. 1.19 essentially depicts the ideal case where there is no damping at all, which is practically
impossible. As we know experimentally, energy will get redistributed or, more precisely, there will
always be a damping of the precession due to the relaxation processes.
In order to take damping into consideration, Landau and Lifshitz suggested the following phenomenological equation of motion for the magnetization of a ferromagnet:
γ
dm
[m×[m×H]],
= −γ[m×H] − α
dt
Ms

(1.10)

where α = λγ M is the non-dimensional damping parameter and γ is the relaxation frequency associated with the dipole-dipole intractions between the magnetic moments. But this equation, known
as Landau-Lifshitz equation, has a contradiction for the case of pulsed remagnetization of the ferromagnetic films, implying that the increse in the damping parameter is inversely proportional to
the time of total reorientation of the magnetization.
In order to make the relaxation/damping term directly proportional to the rate of change of the
magnetization, Gilbert modified the Eq. 1.10 to
α
dm
dm
= −γ[m×H] +
[m×
],
dt
Ms
dt

(1.11)

which is known as the phenomenological Landau-Lifshitz-Gilbert (LLG) equation. The first term
on the right hand side is called the precessional term. The second term is known as damping term
due to frictional contributions. Note that the length of the magnetization vector still remains the
same but the second term in Eq. 1.11 represents the torque acting on the magnetization which
tends to return the magnetization to the direction of the effective field. The direction of different
13

vectors involved in the process are shown in Fig. 1.4, where the time-dependent magnetization is
shown with and without considering the damping term.

Figure 1.4: (a) The dynamics of the magnetization in a ferromagnet in the presence of an externally
applied magnetic field, according to equation 1.9. Note that there is an infinite precession due to
absence of damping. (b) The precession dynamics changes when damping is included, in equation
1.11. The precession has to compete with the damping factor which tries to bring the system to its
lower energy state, i.e., the magnetization direction along the applied magnetic field.

The effect of the damping is to gradually direct the magnetization to the equilibrium position as
depicted in Fig. 1.4 (b). The damping provides information about the different relaxation process,
which can be internal mechanisms like magnon-magnon scattering, or external processes such as
dynamical spin pumping, which is the focus of this dissertation.
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1.3 Theory of FMR driven spin pumping

This thesis is devoted to study the spin pumping method of creating spin currents in graphene. As
briefly explained earlier, spin pumping is a phenomenon where spin currents are generated from the
precessing magnetization of a ferromagnetic material. Also, we know that the equation of motion
for the precession of the magnetization is given by the LLG Eq. (1.11). The parameter α is called
the Gilbert damping constant. This damping parameter is of great interest for applications as well
as from a fundamental point-of-view due to the observed correlation between the magnetization
reversal processes and the damping, e.g., the time scale of spin polarized current switching of
magnetization in spin torque based devices depends on this damping. In 2001, it was reported that
the damping of a thin ferromagnet (Permalloy: Ni80 Fe20 ) changes substantially when it is put next
to nanometer thick Platinum [41]. They also observed that this damping change does not exist
in the case when the ferromagnet is sitting next to a thin layer of copper. In general, damping
is measured by studying the width of the FMR resonance linshape. Even before this experiment,
there were reports of enhanced damping of ferromagnets grown on metals like gold (Au) [41]. In
the beginning, it was well known that the dynamical precession of the ferromagnetic magnetization
can be coupled with the itinerant electrons of the nearby normal metal. People also proposed to
explain this damping change in ferromagnet/metal stacks by means of enhanced electron-magnon
scattering at the interface. But it was Brataas and colleagues, who put forward a theory in 2002,
to explain that the observed enhanced damping in ferromagnet/normal metal structures is a direct
consequence of dynamical spin pumping from the ferromagnetic material to the normal metal
[32][33]. They explained that the precessing magnetization of the ferromagnet acts as a source
of spin pump and transfers spin angular momentum to the metal sitting next to it. Owing to the
conservation of spin angular momentum, the loss of spin angular momentum equals the loss of
torque from the precessing magnetization which further translates to the enhanced damping.
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Figure 1.5: (a) A ferromagnetic material presents some damping due to the intrinsic relaxation
mechanisms. (b) The presence of a non-magnetic system in the vicinity of a precessing ferromagnetic results in leakage of spin angular momentum from the ferromagnetic material, resulting in
additional damping of the precessing magnetization in addition to intrinsic damping. The torque
on the magnetization due to the damping is directed along the purple arrow in both figures and the
difference in arrow thickness is a sign of non-identical damping.

If the damping changes to α, then the change in damping in ferromagnet/normal metal is ∆α =
α − αo . The direct correlation between the change in damping and spin pumping can be visualized
as depicted in Fig. 1.5.
This enhanced damping (proportional to the width of the resonance lineshape), which is a consequence of spin pumping, can be clearly seen in the FMR experiments. One example of a damping enhancement is shown in Fig. 1.6, where the experimental data for the observed resonance
linewidth of a ferromagnetic film with and without the presence of a non-magnetic material is
presented. There is a clear change in the width of the resonance due to the presence of the nonmagnetic material.
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Figure 1.6: The comparison of FMR spectra of a thin ferromagnetic film (black color) and the thin
ferromagnetic layer grown on non-magnetic material (graphite). Due to the presence of a nonmagnetic material there is a clear change in the linewidth of the resonance. As the width of a FMR
resonance is directly proportional to the damping one can say that the presence of a non-magnetic
material results in enhanced damping.

As I will dicuss now, this chanage in damping is due to the spin pumping mechanism. Similar to the
scattering transport theory, Tserkovnyak et al. [32] used the transmission and reflection matrices
of the ferromagnet/normal-metal, to quantitatively calculate the damping by employing simple
models and first-principles band structure calculations. For hybrid structures like FM/NM, in the
absence of external bias there is equilibrium and, consequently, no flow of charge or spin currents
between two subsytems. If the external dc field is applied, the magnetization of the ferromagnet
starts to precess around it, and then a spin current is injected into the metal (say Is ) which depends
17

on the complex quantity called spin pumping conductance. The pumped spin current can be written
as
Ipump
=
s

dm
dm
h̄
(Ar m×
− Ai
).
4π
dt
dt

(1.12)

Here, m, the magnetization unit vector, is a time-dependent order parameter, assuming that the
ferromagnet is uniformly magnetized. Ar and Ai are the real and imaginary components of a
complex quantity called spin mixing conductance, A:

A = Ar + iAi .

(1.13)

As this is based on the scatering-matrix theory of transport, the interface parameters Ar and Ai
↑
↓
depend on the reflection coefficients for spinup/spindown [(rmn
) / (rmn
)] and transmission co-

effiecients for spin up/spin down [(t↑mn ) / (t↓mn )]. m and n are the transverse modes at the Fermi
energy in normal metals. Originally, this theory was written for NM/FM/NM structures so they
also took into consideration the transmission coefficient from the other side of the ferromagnet into
the normal metal. As the magnetization goes around the applied field with some angle (called cone
angle of precession) to complete the revolution, the spin current is pumped into the metals which in
turns depends on the interfacial mixing conductance. The direction of the spin current polarization
or spin angular momentum is along the externally applied field. In this model, the authors assume
that in normal metals, once the spins are pumped, they decay very fast on a small length scale.
This assumption makes sure that there is no spin accumulation in the normal metal which can potentially cause backflow of spin currents into the ferromagnet. Actually, this assumption is valid
for heavy metals like Platinum, where spin diffusion length is in the orders of a few nanometers
and relaxations times are very fast (faster than the time scales at which the magnetization is precessing). Since the pumped spin current (Eq. 1.12) is a result of loss of spin angular momentum, it
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puts an additional torque on the magnetization which needs to be taken into account, i.e., there is
one more additional damping term in the LLG. The renormalized gyromagnetic and damping can
be written as follows:

1
1
(AL + AR
i )
= [1 + gL i
],
γ
γo
4πM

α=

(AL + AR
γ
r)
[αo + gL ( r
],
γo
4πM

(1.14)

(1.15)

where, γ and α are the gyromagentic ratio and damping of the ferromagnet only, respectively, M
is the saturation magnetization, L and R represents the left and right interfaces of NM/FM/NM
structure, and gL is the Lande factor. One can clearly see that the effect of the Ar and Ai is to
change the position of the FMR resonance due to the factor ALi + AR
i and enchance the width of
the resonance owing to the ALr + AR
r factor in the above written equations.
If the thickness of the ferromagnet is larger than the transverse spin coherence length, the transmission coefficient can be neglected and spin pumping from the ferromagnet to the normal metal
can be written to depend on the interfacial spin mixing conductance with real and imaginary parts,

A = g ↑↓ = gr↑↓ + igi↑↓ .

(1.16)

Also, the derivation of spin currents explained above assumes that the metal is a perfect spin sink
and does not incorporate the back flow of spin if there is any. This is actually not the case for
metals like copper, where spin diffusion length is of the order of 100 of nanometers and one can
expect to have spin accumulation inside copper.
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In order to generalize the theory of spin pumping to all metallic systems and to take spin back flow
into account, the magneto-electronic theory can be employed for calculation of the backflow of
spin current as shown by Tserkovnyak et al.[33]. The spin back flow can be calculated as

Iback
=
s

h̄ ↑↓
dm
dm
[gr m×
− gi↑↓ m×
].
4π
dt
dt

(1.17)

Figure 1.7: The precessing magnetization of the ferromagnetic material results in the adiabatic
transfer of spin angular momentum from the ferromagnet to the normal metal. This transfer of
spin angular momentum induces a spin imbalance between the spin up and spin down carriers
resulting in a spin gradient away from the interface. If there is a spin accumulation inside the
normal metal, it can result in back spin flow into the ferromagnet as depicted. This schematic is
adapted from reference [33].
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So, by taking into account the spin pumping and the flow of spins back to the ferromagnet, this
theory can be generalized to take into account any buildup of spin accumulation Is as follows:

Is = Ipump
− Iback
.
s
s

(1.18)

In the presence of spin back flow, the spin pumping phenomenon can be depicted as in Fig. 1.7.
Keeping everything explained above in mind, the effective LLG equation in the presence of spin
pumping from a ferromagnet to a metallic system can be written as:

dm
γ
dm
= −γ[m×H] + αo m×
+
Is ,
dt
dt
Ms V

(1.19)

where αo is the intrinsic damping of the ferromagnet (due to the spin pumping it is smaller than
the damping observed for FM/NM hybrids), Ms is the saturation magnetization, and γ is the gyromagnetic ratio. Here, the last term on the right-hand side represents the additional torque on the
ferromegent due to spin pumping loss of spin angular momentum (Is ) from the ferromagnet. Thus,
we can say that the enhanced damping in FM/NM is a unique characteristic of spin pumping.

1.4 Introduction to graphene

Graphene is the first free standing two-dimensional material which has been experimentally probed.
Surprisingly, the three dimensional counterpart of graphene, graphite, was long in existence and
theorist have used graphene as platform to understand the electronic properties of graphite. With
the discovery of nanotubes [42], the one dimensional allotrope of carbon was also studied in very
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detail. But due to the assumption that any two-dimensional lattice will be thermodynamically unstable, there was not great deal of interest for graphene research. It changed in 2004, when Geim
and colleagues, reported the electric field-effect in thin films of graphite exfoliated on a substrate
[43]. It opened the flood gates to a very exciting field of research which attracted a record number
of researchers from a wide spectrum of scientific disciplines. In graphene, the carbon atoms are
held by sp2 bonds with σ bonds having filled shells and acting as a valence band. The π bonds are
formed by the unaffected p orbitals of neighboring carbon atoms which have half-filled states. One
of the interesting facts about graphene is that the charge carries at low energy behave as massless
Dirac fermions due to the following Hamiltonian:


H = h̄vF 




0

kx − iky 


kx + iky

0

(1.20)



or
H = h̄vF σ·k

(1.21)

where, vF is k-independent Fermi velocity, σ is Pauli matrix and k is the momentum of the particles. Charge carrers in graphene move at velocities of only 300 times smaller than speed of
light. The linear dispersion of the carriers makes graphene a table top system for studying quantum relativistic electrodynamics processes. The linear electronic dispersion representation from
the Hamiltonian in Eq. 1.20 is shown in Fig. 1.8 where the Dirac cones meet at Brillion point K
and K’ [29].
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Figure 1.8: The band structure of the graphene lattice as adapted from [29]. The points where
valence and conduction bands meetare called Dirac or charge neutrality points.

Graphene can be produced from the exfoliation of highly pyrolic graphite where individual layers
are held by weak van der Waals forces. Typically, for a specified thickness of a SiO2 (corresponding
to a particular contrast), graphene films can be visualized under the optical microscope. The optical
picture of graphene exfoliated on Si/SiO2 substrate is shown in Fig. 1.9(a) where along with
single layer of graphene, multilayers are also present. The graphene layers can be characterized
using Raman spectroscopy and atomic force microscopy. These graphene sheets can be electrically
contacted as shown in Fig. 1.9(b) and the external electric field is used to induce charge carriers
in order to probe the intriguing electronic properties. The typical resistance change of a graphene
layer with respect to externally applied electric field, i.e., gate voltage, is shown in Fig. 1.9(c).
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Figure 1.9: (a) The optical picture of graphene layers exfoliated on Si/SiO2 surface. The light pink
contrast is a single layer of graphene. (b) The electron micrograph of graphene sheet etched into a
Hall bar to measure the electrical characterization. (c) The gate dependence of the graphene sheet
showing the charge neutrality point around negative 8 volts.

This gate dependence is a unique characteristic of graphene due to the linear dispersion relation.
The position where resistance is maximum is called Dirac or charge neutrality point. Also, as
graphene is a bipolar, it can be tuned from holes to electrons and vice versa. Due to these electronic
properties, graphene has attracted a great deal of attention. Among its properties, large electron
mobilities and the sensitivity of the charge carriers to environment, make it ideal for detectors, etc.
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Apart from graphene’s unique electronic properties, it is an excellent material for optical [44], mechanical, and spintronics properties [45], among others. From the perspective of this dissertation,
I will concentrate on the spin-related physics of graphene. The fact that graphene is entirely made
up of carbon atoms, having small atomic mass and lack of nuclear spins, graphene provides a
unique system to study spin related physics. Also, due to the two-dimensional nature of graphene,
there is no dangling bonds, i.e., sp3 hybridization of graphene carbons. The spin-orbit coupling in
graphene lattice is supposed to be very weak because the small size/mass of the carbon atom. Due
to these facts, the spin diffusion length and spin relaxation times are expected to be orders of magnitude larger than the other materials. One can think of graphene as a perfect high-fidelity channel
for the spin information transport, i.e., once the information is encoded in the spin of the electron,
it can travel a large distance before it is lost. The first experimental realization of spin transport
in graphene started with the reports of electrical spin injection in 2007, where spin polarized currents from ferromagnetic electrodes were used to create spin accumulation in graphene [13]. By
inducing spin precession with a perpendicular dc magnetic field, the spin diffusion length and spin
relaxation time are estimated to be ∼1.4 um and ∼ 400 of picoseconds, respectively. Although the
spin diffusion length is of the order of micrometers, one would expect it to be orders of magnitude
more in graphene than the observed values. Similarly, the extracted spin relaxation times remains
surprisingly small even when the electron mobilities are considerably high [46]. This points to
the fact that there may be various extrinsic spin relaxation process present in the graphene lattice,
e.g., charge impurities, oscillating local magnetic impurities, etc. Although, there is still not a
clear understanding of the spin relaxation processes, in graphene, relatively large spin diffusion
lengths have been achieved by underlying substrate engineering [46]. On the other hand, in bilayer
graphene, relatively large relaxation times have also been observed [14][16]. The field of spin related physics in graphene has moved at a slower pace partially due to the technical challenges, i.e.,
growing good tunneling contacts for spin injection in graphene. As there is impedance mismatch
between ferromagnetic metals and graphene, the use of thin tunnel barriers is required to achieve
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a good amount of spin polarization. But growing clean tunnel barriers turns out to be a very complex problem due to the low surface energy of graphene surface and the nanometer sized ripples
on graphene [15] [47]. There are a handful number of research groups who succeeded in growing consistent and good tunnel barriers and study the spin related physics. Presently, researchers
are also trying to inject spins into ultra-flat graphene (on hexagonal boron nitride substrates) [46]
through crystalline insulators, such as atomically thin boron nitride layers [48], to fully understand
the spin related phenomenon this peculiar system.
Also, it has been recently shown that spin-orbit coupling in graphene can be enhanced by adatom
engineering [30]. By chemically attaching small amounts of molecular hydrogen to graphene, the
lattice is transformed from fully sp2 hybridization to slightly sp3 hybridization. This resulted in
the first observation of the spin Hall effect in graphene. The observed effect is shown in Fig.1.10
where, the charge current passing through graphene can produce the spin polarized based scattering
of the charge carriers. This spin dependent scattering can be used to convert spin currents into an
electromotive force which can be electrically measured as a non-local voltage. This spin-charge
conversion is known as inverse spin Hall effect (ISHE). One interesting thing to notice about the
ISHE in graphene is that it has gate dependence. These experiments open up the possibility that
graphene can also be used as an active channel for spintronics devices because the presence of
selective spin-orbit coupling offers the platform to create, manipulate, and detect the spins in the
very same material. Normally, this is not possible with any other material (with the exception of a
few) due to the fact that the large spin orbit coupling and large spin diffusion lengths are mutually
exclusive [49]. Recently, the same SHE effect also shown to be present in chemically grown
graphene due to reminiscent copper adatoms present on the lattice [50]. The graphene samples
used in experiments in rRef. [50] are smilar to the samples used for spin pumping work in the
prsesent dissertation and the implications of reminiscent Cu adatoms willl be discussed in detail in
the experimental sections.
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Figure 1.10: (a) Schematic of spin Hall effect induced spin polarization in hydrogenated graphene.
(b) The measured non-local signal is shown, where the red curve is the ISHE generated voltage
(resistance) from the spin polarization. The blue curve is the ohmic contributions to the non-local
signal. The inset to the figure presents the effect of hydrogenation on the electrical transport.
Adapted by permission from Macmillan Publishers Ltd: [Nature Physics] (Ref. 30), copyright
(2013).

The method of dynamical spin pumping, which is the focus of this dissertation, requires to have
sizable spin-orbit coupling to convert the pumped spins into an electrically signal. So, from above
discussion we can see that graphene can provide a lot of opportunities to study the spin related
physics in this new class of two-dimensional materials and one could potentially use these findings
for applications.
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CHAPTER 2: EXPERIMENTAL SET-UP AND SAMPLE PREPERATION

I have explained in the previous chapter that spin can be driven into any non-magnetic material
from the magnetization of the ferromagnetic material and that spin pumping into a two-dimensional
material (graphene) is a very interesting problem to look at from both fundamental and application
point-of-view. In this chapter, I will discuss the details of the FMR spectrometer used for carrying
out Gilbert damping studies, the preparation of the graphene samples, and the device fabrication
methods.

2.1 Broadband ferromagnetic resonance (FMR) spectrometer

As we know, in a FMR experiment, the external static dc field applied to a thin ferromagnetic film
results in the precession of its magnetization at the Larmor frequency. By applying microwaves
with frequency matching the Larmor frequency, one can look at the FMR resonance, i.e., absorption of microwave power by the sample. Actually, it is more straightforward (just from the technical
point-of-view) to sweep the external dc field for a given frequency of microwave radiation and look
for the resonance condition. So, we need two sources of magnetic field, i.e., dc and oscillating ac
microwave field. For the dc magnetic field we use a two-pole electromagnet (with sizable spacing
between the poles). The magnetic field is produced by driving the current from the power supply to
the coils of the electromagnet. This electromagnet has a rotatable base to apply the magnetic field
in different directions of the sample under consideration without the need of manually rotating the
sample.
For delivering the microwave radiations to the sample, we use on-chip co-planar waveguides
(CPW). The metallic waveguides are fabricated on insulating substrates, e.g., undoped GaAs.
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Figure 2.1: The optical image of a co-planar waveguide defined on an insulating GaAs substrate.
The central constricted part of the CPW is covered with 100 nm thick insulating polymer. The
dimensions of the central line and the air-gap in the central tapered part are depicted. The ends of
the CPW guide are opened up to mate with the external high frequency cables.

The waveguide dimensions are very critical for the transmission of radiation from the source to
the sample. For maximum transmission (also to get rid of any standing waves) of the high frequency irradiation, the on-chip waveguide’s impedance must be matched to the microwave source
impedance (which is 50 ohms). We use a Vector Network Analyzer (VNA) as the source of microwaves, which can source from few MHz upto 50GHz with powers as large as 1 watt. The
impedance of the CPW critically depends on the width of the central line as well as on the air
gap between the central line and grounding plates. The optical image of a typical on-chip CPW is
shown in Fig. 2.1.
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In order to have a large microwave power density, the CPW lateral dimensions are reduced in the
central part keeing the ratio of the central line width and air gap widths constant to keep the 50
ohm impedance matching. The central constricted part of the CPW is shown in zoom-in view of
Fig. 2.1, where the dimensions of the central line and air gap are given. The zoom-in view of the
central constricted part of the CPW is also shown.
The thickness and conductivity of the underlying substrate plays an important role for the microwave transmission. We use 600um thick GaAs wafers with resistivity larger than 1x107 ohm
cm. The metals of the CPW are 180-200 nm thick. To electrically insulate the CPW from the samples under study, the central constricted part is coated with a 100 nm thick non-conducting polymer
to get rid of any potential damping contribution from the metals of the CPW. Notice that the ends
of the CPW are opened up to mate with the semi-rigid coaxial cables which are in turn connected
to the microwave source. These CPWs are mounted on a Brass housing box, wherein the central
conductor of the coaxial cables are connected to the central line of the CPW by manually pushing
the movable stage of the housing box to push the co-axial cable central conductors against each
other. The optical image of the FMR probe used in these experiments is depicted in Fig. 2.2.
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Figure 2.2: The optical image of the FMR probe used for exciting magnetization dynamics in
extended ferromagnetic samples. The CPW sits on the bottom moveable plate. This plate moves
up and down to make connection with the central conductors of the coaxials on opposite sides of
the housing box.

Once the CPW is inside the housing box, its broad band transmission can be characterized using the
VNA. For this, the frequency is swept over broad range of frequency and the transmission between
the two ports of the VNA is recorded. The transmission of a fabricated CPW is shown in Fig. 2.3,
where one can notice that the transmission gradually decreases. The frequencies for which there
is good signal to noise ratio (less than 25GHz), are expected to excite clean resonances. The good
transmission achieved in these CPWs allows to excite FMR in a wide range of frequencies, which
is required to extract the damping associated with the spin pumping mechanism.
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Figure 2.3: Broad band transmission of an on-chip CPW measured using the Vector Network
Analyzer. For losses below 25 dBm, there is a good signal to noise ratio for thin ferromagnetic
samples.

The housing box containing the CPW is firmly attached to a solid probe (as shown in Fig. 2.2) to
excite the FMR experiments and this FMR probe is positioned between the poles of the electromagnet. The macroscopic ferromagnetic sample, e.g., thin films of Permalloy evaporated on SiO2
wafers, is placed upside-down (with the ferromagnet side in contact with the CPW surface) on the
top of central constricted part of the CPW to achieve maximum radiation power. This method is
known as inductive FMR because the ac fields are inductively coupled, since there is a separation
between the sample and the source of microwaves [51][52][53].
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Figure 2.4: The schematic of a typical FMR setup. The transmission is measured by a VNA
between two ports. The exciting ac field is in x-y plane and the external dc field can be rotated in
the x-z plane to measure the angle dependency.

For FMR experiments, the dc field is swept and the spectra of VNA transmission coefficent is
recorded in the computer. The schematic of a typical FMR experiment setup is shown in Fig. 2.4.
An example FMR spectrum of a 14 nm thick Py ferromagnetic film excited at 10 GHz, with the
dc magnetic field applied in plane, is shown in Fig. 2.5. This shows that I have completed a good
spectrometer and can excite the FMR consistently with really good signal to noise ratio.
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Figure 2.5: The FMR spectra of 14 nm Py film with external field applied in the plane. The data
shown is normalized one.

2.2 Ferromagnetic material thin films

In this dissertation, I have used a metallic ferromagnet, Permalloy, which is an alloy of Nickel
(80%) and Iron (20%). Py is used widely for spin pumping studies because it is a very soft magnet,
i.e., its magnetization can be aligned very easily to the external applied field allowing to excite the
FMR in arbitrary directions, help us in studying the magnetic properties of fabricated samples. I
have also used cobalt, which has strong in-plane anisotropy, for initial FMR studies.

34

Figure 2.6: (a) The atomic force scan of thin Permalloy strip grown by e-beam evaporation. The
thickness is about 15 nm as shown by the cross section analysis. (b) The surface analysis also
shows the rms roughness of the Py surface to be around 1 nm.

These materials are grown by e-beam evaporation, where ferromagnetic metal pallets are thermally
heated until they melt and start to evaporate. Permalloy is deposited from thick graphite liners. The
depositions are carried out in high-vacuum conditions with evaporation rates as low as 0.4 Ao /sec.
It is worth mentioning that Py is not sputtered because the sputtering processes can etch graphene,
given that its only one atomic thick material. Moreover, the plasma can also dope the graphene
layer affecting the electronic/magnetic properties of graphene [54]. The thickness of the films are
characterized by atomic force microscopy, as depicted in Fig. 2.6. The roughness of the films is
around 1 nm, as measured by the AFM and typical surface topography is shown in Fig. 2.6. I
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have also observed that use of low power e-beam power instrument results in films with degraded
magnetic properties (i.e., saturation magnetization) as compared to high power e-beam system.
The films are grown by high power e-beam evaporator in the Physics department clean room.

2.3 Graphene sample preparation

Initially, research on graphene was mostly done with mechanically exfoliated flakes of mesoscopic
size [43]. Due to the sensitivity limits of the FMR spectrometer used for this dissertation, it is
not possible to observe the FMR resonances for mesoscopic-size samples. Although there are
methods where FMR of micron sized nanomagnets can be probed electrically [55], they require
a sophisticated experiental setup which is not avialable in the lab. The FMR spectometer that
I developed for this thesis work requires graphene samples of the order of a millimeter or so,
which is not possible by exfoliation techniques. The other method of growing large scale graphene
sheets is known as chemical vapor deposition (CVD). In this method, a copper surface is used as
a catalyst and the gasses rich in carbon (methane) is passed at very high temperatures to deposit
single layer of carbon (i.e. graphene), which can then be transferred to any substrate of interest.
This method is shown to produce very high quality graphene films with electrical, optical and
mechanical properties comparable to exfoliated samples [56].
The graphene films used in this study are grown on thin foils of ultra-pure copper. The thickness of
the foils is critically selected at 25 um. The Cu foils are cut into small pieces (∼ 6 cm × 3 cm) and
are chemically cleaned to get rid of any surface contaminants. The clean foils piece is then loaded
into a furnace with a quartz tube of 2 inch inner diameter. The tube is evacuated by a combination
of mechanical and turbo pumps followed by the flow of H2 gas. Then the temperature is ramped
up to 1000 ◦ C and foil is annealed at this temperature for about an hour to clean the surface. After
that, methane gas in introduced for the 15 minutes for the growth of single layer graphene. The
36

methane gas flow is stopped while keeping the H2 flow intact. The temperature is then reduced
gradually or abruptly by moving the quartz furnace from the active heater region.
Now, I will discuss the process of transferring graphene onto arbitrary substrates in detail. Achieving a good transfer process is very important because large-size continuous sheets of graphene are
required for graphene spin pumping experiments. Following is the complete process to transfer a
single layer graphene with the least amount of cracks.
1. In the CVD growth process, graphene is grown on both sides of the copper foil, so etching of
the graphene on side is required to expose the copper foil. For this, a small piece of Cu foil with
graphene on both sides (1mm by 1mm) is tied from fourl sides using Kapton tape and placed on a
clean glass slide.
2. Three layers of anisole based PMMA e-beam resist 495 A4 are coated at 4000 rpms, which
corresponds to a total thickness of 600 nm. The thickness of the polymer is a crucial parameter
because it affects the mechanical quality of graphene when floating in solution afterwards.
3. The sample is heated at 155 ◦ C, which is just below the glass transition temperature of the
PMMA-based polymer, for 3 minutes.
4. The foil is released from the glass slide and transferred onto a new clean slide by placing the
spin coated side facing down. Foil is again clamped from the four corners onto a glass slide.
5. The glass slide with foil (having the graphene surface which is not etched facing up) is transferred into a reactive ion etcher chamber. The top graphene layer is etched using the following
parameters: Power = 50 W; Pressure = 50 mTorr; Time = 30 seconds.
6. The foil is released from the glass slide and subsequently cut into small pieces depending on the
experiment.
7. Now the foils have spin coated side facing up,are floated in plastic container with 1 percent
dilute solution of Ammonium per sulfate (bought from Transene Inc.), which is a copper etchant.
The low dilution of the solution ensures that etching of the copper is not aggressive, avoiding fold37

ing the graphene due to mechanical stability.
8. After leaving the foil overnight in the solution, the copper gets etched away. One would find the
layer of polymer and graphene floating in the solution. The floating film is picked by a clean glass
slide by immersing the slide at 45 degrees inside the solution. Once the film is on the glass slide,
it is quickly transferred in to a fresh container of 1 percent APS solution for another 3 hours.
9. Again, the floating film is transferred into a plastic container containing ultra-pure deionized
water bought commercially. The film is left floating in the water overnight and next day it is transferred into a new DI water container by using a clean glass slide.
10. After a few hours, the film is scooped on the target substrate by immersing the substrate inside
the solution at an oblique angle.
11. Once the film is transferred on the substrate, it is left in the ambient to allow for the water
trapped between graphene and substrate to evaporate. It normally takes 5-10 minutes.
12. Then, the substrate is heated at 50-60 ◦ C for 5 minutes followed by an additional heating at
180◦ C for 15 minutes.
13. After the substrate cools down, it is gently submerged into electronic grade acetone for a few
minutes.
14. Finally, the substrate is left in the fresh acetone solution overnight and next day the substrate
is gently blow dried with nitrogen.
Once the graphene is transferred onto the substrate (normally Si/SiO2 or GaAs/SiO2 ), it is inspected for quality by a optical microscope in terms of continuity or organic residues. A large area
optical picture of graphene transferred onto a Si/SiO2 substrate is shown in Fig. 2.7, where it can
be seen that is clearly continuous over large areas. The zoom-in of the graphene surface in the Fig.
2.7 also shows some micron-sized holes/cracks. These cracks can be easily avoided when selecting
the areas for device fabrication.
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Figure 2.7: The optical picture of graphene grown by CVD method transferred onto Si/SiO2 substrate for experiments. The graphene sheets are continuous over millimeter area. In the zoom-in
view of the graphene surface, highlighted by red dots, there are some mesoscopic size cracks due
to the transfer process.

If the transfer is not done properly, the graphene films looks like as shown in Fig. 2.8. This type
of graphene sheets cannot be used for the experiments pointing the importance of controlling the
transfer processes. There are always some multilayers grains present in the single-layer graphene
sheet but they are not expected to change the properties of graphene drastically.
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Figure 2.8: The optical micrograph of a bad transfer. One can easily notice the cracks and big
holes in the graphene sheet. These kind of samples can not be used for experiments owing to the
discontinuity of the film. The optimal thickness of polymer is required to get rid of the cracks in
the films due to the mechanical instability during the transfer process.

The quality of the graphene films is probed by Raman spectroscopy [57]. The typical Raman
spectra is shown in Fig. 2.9(a). The width of the 2D peak at 2700 wave-number, confirms the
single layer. The D peak at 1300 wavenumber gives a lot of information about the quality of the
film. The absence of the D peak in the studied samples means that there is very small or minimal
external doping of the graphene sheet. A large D peak can be due to residual adatoms or impurities,
such as long-or short-range scaterrers. The typical electrical characterization of the graphene film
is also shown in Fig. 2.9(b). The presence of the Dirac point near zero gate voltage confirms the
good quality of the samples used in these studies. The charge carriers are induced by the Si back
gate.
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Figure 2.9: (a) Raman spectrum of CVD graphene transferred onto a Si/SiO2 substrate. The absence of a D-peak, near 1300 wavenumber, is a signature of clean/un-doped surface. (b) The
electrical characterization of a graphene film in ambient conditions. The observation of charge
neutrality point for small applied gate voltage implies doping free sheets.

The good quality of these samples allows the interesting properties of graphene to be probed. Also,
it is well established that there can be contaminants from the transfer process, like e-beam resist
residues. Actually, it has been shown in the past that graphene processed using e-beam resist has
atomic scale residues as confirmed by scanning probe studies [47]. In order to clean the surface of
the graphene, the sample is annealed at 350◦ C for three hours in the presence of an optimized flow
of hydrogen and Argon gas. This annealing process results in atomic scale cleaning and can be
observed by STM measurements. The topography of a graphene sheet after the cleaning process
is shown in Fig. 2.10. These STM images are taken with Ishigami group’s UHV STM system at
room temperature.
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Figure 2.10: (a) 10 nm × 10 nm surface topography of CVD graphene. The scanned areas are not
atomically flat but have nanoscale ripples. (b) The atomic resolution of graphene surface, where
honeycomb lattice of graphene is visible. The atomic resolution is signature of graphene surface
free of organic residues. The images are acquired using constant current mode STM with tip bias
voltage of 400mV and tunneling current of 100 pA .

This also confirms that the graphene used in this thesis is free of any organic residues from the
device fabrication processes. All the transferred graphene layers are frequently scanned under
atomic force microscopy for consistency.
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CHAPTER 3: SPIN PUMPING INTO GRAPHENE: STUDY OF GILBERT
DAMPING

We have learned in chapter 1 that the enhancement of the damping in a ferromagnet due to a
non-magnetic material sitting next to it can be correlated to the spin pumping mechanism. So, in a
simplest thought experiment, the change of ferromagnetic material damping due to a non-magnetic
material can be a good signature of spin pumping. Of course, this assumes that the there are no
additional damping mechanisms, which is generally not true, as it will be discussed later.

3.1 FMR measurements with cobalt

For studying spin pumping into graphene, the initial FMR damping experiments are carried out by
employing cobalt as a ferromagnetic material. For sample preparation, the CVD grown graphene
is transferred onto a SiO2 substrate and cleaned and then 30 nm thick cobalt (Co) film is evaporated onto the surface of graphene. Another controlled sample with 30 nm cobalt on SiO2 is also
evaporated at the same time to make sure the same conditions as graphene/cobalt sample. From
now on, these two comparison samples will be called Co and Co/Gr. The samples are placed upside down atop the central constricted part of the CPW. The external dc field is applied in plane
by aligning the FMR probe by naked eye, i.e., θ = 0. The angle θ is defined in Fig. 3.1 (a) and
the typical FMR absorption line-shape is shown in Fig. 3.1 (b). To take into account any line
broadening coming from the external magnetic field misalignment, the FMR is excited at different
θ, i.e., 0 < θ < 360o . The resonance field (Hres ) at each θ is measured and the angle dependence
of the resonance field is shown in Fig. 3.1 (c). The observed curve is fitted to find the minimum
value of Hres and, subsequently, the direction of the external field is corrected accordingly.
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Figure 3.1: (a) The schematics of the measurement setup. The magnetic field can be varied in the
xz plane to excite FMR at arbitrary directions. The oscillating microwave field is always perpendicular to the dc magnetic field. (b) The typical FMR spectrum excited by applying magnetic field
in the film plane shows the absorption of microwaves at resonance. (c) The resonance field as a
function of θ, to find the θ corresponding to minimum value of resonance field.

To look at the damping change due to graphene, the FMR spectra for Co and Co/Gr is compared in
Fig. 3.2. There is a clear change in the width of the FMR resonance apart from the field shift. As
the damping of the ferromagnetic material is directly proportional to the width of the absorption,
one can say that due to the presence of graphene underneath the cobalt, there is some additional
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damping in cobalt. The quantitative value of a FMR linewidth can be extracted from the field
derivative of the FMR spectra, as shown in Fig. 3.2 (b). The width is then calculated by taking the
peak to peak difference of the derivative and is expressed in the units of external dc magnetic field,
i.e., Gauss. The change in damping, i.e. the width of the FMR spectra, is clearly noticeable in Fig.
3.2 (b).

Figure 3.2: (a) The comparison of the FMR spectra for Co and Co/Gr at 10GHz with external field
in the plane of the extended films. (b) The field derivatives of the absorption curves shown in (a).
Due to the presence of graphene there is clear change in the width of the spectra, i.e., the peak to
peak distance of the derivatives denoted by arrows.

According to the phenomonological Landau-Lifshitz-Gilbert equation of magnetization precession
in a ferromagnet (Eq. 1.11), the damping is given by
4πα
∆H = ∆H0 + √ f,
3γ
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(3.1)

where α is called the ”damping parameter” of Gilbert damping G

G = αγMs ,

(3.2)

where Ms is the saturation magnetization of the ferromagnet and γ is the gyromagentic ratio. G
is a material-dependent parameter, which gives information about the speed of the decay of the
ferromagnetic magnetization. It has units of frequecy or the inverse of time.
The first term on the right hand side in the Eq. 3.1 represents the inhomogeneous broadening
of the FMR spectra. This inhomogeneous broadening/damping is independent of the microwave
frequency. This damping contribution is mainly associated with the spatial variations of the local
magnetic anisotropies in the sample. In a typical FMR experiment, these local magnetic variations
leads to the broadening of the line-width. This damping can differ sample to sample depending on
the growth conditions. On the other hand, the second term in Eq. 3.1 has a dynamical nature and
is known as the Gilbert damping term. It scales linearly with the microwave frequency.
If the intrinsic Gilbert damping of the ferromagnetic material, αo , changes to α due to the presence
of a non-magnetic material, then the change in damping, ∆α, can be written as

∆α = α − αo .

(3.3)

It is clear from the Eq. 3.1 that in order to extract the Gilbert damping quantitatively, the frequency
dependence of the FMR broadening is required. For this, the FMR is excited over a wide range of
frequencies and the observed linewidth for Co/Gr and control Co samples is depicted in Fig. 3.3
(a). There is a clear increase of the FMR linewidth for all the excited frequencies. Also, the FMR
linewidths scale proportionally to the microwave frequency for both Co and Co/Gr.
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Figure 3.3: (a) The frequency dependence of the width of FMR spectra for Co and Co/Gr samples.
The thickness of the cobalt is 30 nm. At each excitation frequency, there is a clear widening of
the spectra due to the presence of graphene. (b) The same broad-band FMR measurements for
different set of Co and Co/Gr samples, grown at a different time. Notice that the field is applied in
the plane of the film, i.e., θ=0.
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The results for a different set of Co and Co/Gr samples are also shown in Fig. 3.3 (b). In both sets of
samples there is a similar change in the FMR linewidth due to the presence of graphene underneath
the cobalt. The quantitative inhomogeneous broadening can be calculated from the y-intercept of
the frequency dependence of the FMR broadening as shown in Fig. 3.3. For Co samples, there is
negligible inhomogeneous broadening which increases slightly due to the presence of graphene.
For two different sets of samples, the inhomogeneous broadening is slightly different, which is
not surprising given that it can change from sample to sample, depending on the ferromagnetic
material growth conditions.
To extract the dynamical Gilbert damping, the slope of the frequency dependence of the FMR
broadening is used to calculate the damping parameter, α, for a given magnetic saturation field of
cobalt and the corresponding gyromagnetic ratio. The values obtained for the damping parameters,
α, for the first set of samples [Fig. 3.3 (a)] are:

αCo = 0.0210 ; αCo/Gr = 0.0489 .

This represents 88% change in the damping of the cobalt thin film due to the presence of graphene.
Before we start correlating the observed damping change to the spin pumping mechanism by invoking the theory put forward by Tserkovnyak et al. [32], additional damping measurements are
performed using Permalloy (Py) as the ferromagnetic material. From now on, all the data presented
is for Permalloy and spin pumping into graphene will be discussed by means of carrying out the
damping change of the Py film due to the graphene.
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3.2 Damping measurements using permalloy

For the case of cobalt, there is a strong in-plane magnetic anisotropy which tries to put the magnetization in the plane of the film when the film magnetization is excited out of plane. Due to the
limitations imposed by the maximum dc magnetic field that can be generated by our electromagnet
(1.5 T), it is not possible to excite the FMR over wide range of microwave frequencies and arbitrary
directions for studying the magnetization dynamics. On the other hand, Permalloy is a very soft
ferromagnetic material with negligible magnetic anisotropy for thin extended films. Consequently,
the magnetic dynamics can be excited in arbitrary directions to study the magnetic properties of
the ferromagnetic and ferromagnetic/graphene samples.
First, I will discuss how to extract the important magnetic parameters, e.g., magnetic anisotropy
energies/fields or g-factors, from the FMR measurements [58].
Let us consider a thin extended ferromagnetic film aligned along the xz plane and a dc field applied
in the xy plane, as depicted in Fig. 3.4. The magnetic energy of a ferromagnetic film can be written
as
1
E = −HM sin θ cos (φH − φ)+ (4πM 2 ) sin2 θ sin2 φ−(K1 +2K2 ) sin2 θ sin2 φ+K2 sin4 θ sin4 φ,
2
(3.4)
where the angles are defined in Fig. 3.4. The first term is the Zeeman energy, the second is the
magnetostatic energy, and the last two terms are associated with magnetic anisotropy. H is the
external applied magnetic field, M is the magnetization, and K1 and K2 are first and second order
magnetic anisotropy constants, respectively.
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Figure 3.4: The coordinate system to look at the magnetostatics of thin ferromagnetic films.

With the magnetic field applied in the xy plane, the equilibrium position and magnitude of the
magnetization, M, can be calculated by taking the derivative with respect to φ

2Hres sin (φ − φM ) = 4πMef f sin 2φM ,

(3.5)

where
4πMeff = 4πMS −

2K1 4K2
−
cos2 φM .
MS
MS

(3.6)

In order to calculate the FMR resonance condition, the Smit and Beljers formula can be used to
calculate the energy minimum:
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ω 2
1
∂ 2E ∂ 2E
∂ 2E 2
( ) = 2 2 ( 2
))
−(
γ
∂θ∂φ
M sin θ ∂θ ∂φ2

(3.7)

By calculating second derivatives with respect to θ and φ, the resonance condition can be written
as:
ω
( )2 = H1 × H2 ,
γ

(3.8)

where H1 andH2 are

H1 = [H cos (φH − φeq ) + (4πMS −

2K1 4K2
4K2
−
) cos 2φeq +
(3 sin2 φeq cos2 φeq − sin4 φeq )]
MS
MS
MS
(3.9)

and
H2 = [H cos (φH − φeq ) − (4πMS −

4K2
2K1 4K2
−
) sin 2φeq −
]
MS
MS
MS

(3.10)

For the particular cases when the external magnetic field is applied in- and out- of the plane of the
ferromagnetic film, the resonance condition can be simpfified to
ω
( )2k = HR (HR + 4πMef f,k )
γ

(3.11)

ω
( )2⊥ = HR + 4πMef f,⊥ ,
γ

(3.12)

and

where γ = gµB /h̄ is the gyromagnetic ratio, 4πMef f,k = 4πMS + HA1 ; 4πMef f,⊥ = 4πMS +
HA1 + HA2 ; with HA1 = 2K1 /MS and HA2 = 4K2 /MS the first and second order anisotropy
fields, respectively, which relate to surface, interface, and/or magnetoelastic anisotropy. Note that
K1 > 0 (>>K2 ) provides out-of-plane anisotropy, competing with the in-plane shape anisotropy.

51

Figure 3.5: The θ dependence of the resonance field, to find the θ corresponding to minimum
value of resonance field. For damping experiments, the external dc field is aligned in direction of
minimum resonance field.

HR is the resonance field and ω = 2πf is the angular frequency of the microwaves. As explained
above, the anisotropy fields and energies can be calculated by fitting the angle dependence of FMR
resonance data with the Smit and Beljers formula. Also, Eqs. 3.11 and 3.12 imply that by exciting
FMR in and out of the film plane, the effective magnetization can be experimentally measured.
In order to characterize the ferromagnetic film and the effect of the graphene on the magnetic
properties (aside from damping enhancement) 15 nm thick extended Permalloy films are grown as
discussed in chapter 2.
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Figure 3.6: Angular dependence of the FMR fields measured on both Py and Py/Gr samples at
f =10 GHz with the dc magnetic field, H, applied in a plane perpendicular to the microwave field
generated by the CPW at the sample position.

The bilayers of Permalloy and graphene are prepared by evaporating the Permalloy on the surface
of graphene. The FMR experiments for Py and Py/Gr samples are excited in the same configuration
as explained for the cobalt experiments. First, the external dc field is approximately aligned in the
plane of CPW (or ferromagnetic film) by naked eye and then the FMR is excited at varying θ’s.
The misalignment of the dc field is corrected by looking the minimum resonance field using the
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fitting function, as shown in Fig. 3.5. This protocol is followed every time new sample is put into
the FMR probe. Once the sample is aligned, the dc field is rotated from in-plane to out of plane,
i.e. 0 < θ < 90 with angle interval of 5 degrees.
The comparative results for the angle dependence of the resonance field for Permalloy (Py) and
Permalloy/Graphene (Py/Gr) is shown in the Fig. 3.6. The experimental data is fitted for the FMR
condition to extract the anisotropy fields and corresponding energies. The best fits to the data
in Fig. 3.6 are given by the parameters shown in the inset to the same figure. For comparison,
these values are shown in the Table 3.1 together with the corresponding parameters extracted from
equivalent measurements on the Co and Co/Gr films and subsequently fitting the data. Note that the
anisotropy fields depend on the selection of the saturation magnetization, with theoretical values
MS,P y = 9.27 kG (attending to a 20/80-Ni/Fe ratio and assuming identical densities), and MS,Co =
17.59 kG. For the Co and Co/Gr films, the effective saturation magnetization (Mef f = 17.7 kG) is
similar to the one expected from theory, hence there is negligible out-of-plane anisotropy (K1 ∼
0), in agreement with previous studies. The situation is different in the case of the Py and Py/Gr,
where the small Py anisotropy field HA1 = 1.98 kG grows significantly in the Py/Gr (HA1 = 3.60
kG), suggesting an increase of the Py surface anisotropy due to the presence of the graphene layer
(i.e., interface effect). Nevertheless, the magnetization of the Py films remains in the plane of the
film for all samples.
A graphical representation of the in- and out-of-plane frequency response of the FMR fields, conforming to Eqs. 3.11-3.12 , results in a linear behavior from which the slope and intercept with
the magnetic field axis gives γ (or g-factor) and the effective demagnetization fields, respectively.
The results obtained for the Py and Py/Gr samples are shown in Fig. 3.7. The difference between
the parallel and perpendicular g values extracted from the slopes of the curves in Figs. 3.7 (a) and
3.7 (b) for each sample is indicative of a slight misalignment of the field out of the perpendicular
direction.
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Figure 3.7: (a) In-plane and (b) out-of-plane frequency dependencies of the FMR fields for both
Py and Py/Gr samples. The intercepts with the x-axis give the effective saturation magnetization
field of the samples. The effective g-factors can be calculated using the gyromagnetic ratio values
(extracted from the slopes of the curves above).

Theoretically, the effective g-factor of the Permalloy owing to the composition of Ni (80) and Fe
(20 ) can be written as
geff =

0.8MSN i + 0.2MSF e
= 2.10
0.8MSN i /gN i + 0.2MSF e /gF e

(3.13)

with MS = 9.27KG owing to MS = 0.8MSN i + 0.2MSF e and MSN i = 6.094KG, gN i = 2.21 ;
MSF e = 22.016KG, gF e = 2.0 This theoretical value is consistent with what is extracted from the
slope of Fig. 3.7 for in- and out-of plane FMR excitation (i.e., g = 2.10). The gef f values for same
composition Permalloy ranging from 2.1-2.7 are also reported elsewhere [59].
55

The observed difference between the parallel and perpendicular effective magnetizations, as depicted in Fig. 3.7, for each sample gives information about the film anisotropy. The differences
between g values and effective magnetizations between different samples for the same field orientation is indicative of small changes in the magnetic characteristics of the film. The change of Ms
between Py and Py/Gr is substantial, indicating an important change in the surface of the Py film
in contact with graphene, which can be responsible fo the change in damping.

Table 3.1: Magnetic parameters extracted from the θ and f dependence

Sample

HR Vs. θ, f

Theory

Py

g = 2.110
Mef f = 7.30 kG
HA1 = 1.98 kG
K1 = 0.73 × 106 erg/cc

g = 2.10
MS = 9.27 kG

Py/Gr

g = 2.107
Mef f = 5.70 kG
HA1 = 3.60 kG
K1 = 1.32 × 106 erg/cc

Co

g = 2.149
Mef f = 17.7 kG

Co/Gr

g = 2.149
Mef f = 17.5 kG
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g = 2.145
MS = 17.59 kG

Figure 3.8: (a) 10 GHz FMR absorption spectra for the two samples, i.e., Py and Py/Gr studied as
a function of a magnetic field applied along the plane of the films. (b) The field derivative of the
waveguide transmission parameter allows the analysis of the FMR line-width which is extracted
from the peak-to-peak distance.

After these magnetic characterizations, the effect of graphene on the ferromagnetic damping is
studied by means of comparing the FMR line-widths as shown in Fig. 3.8. In this figure, the
FMR absorption spectra of Py and Py/Gr are compared. The linewidths of the FMR absorption
spectra are extracted from the field derivatives and a clear change in the width due to the presence
of graphene underneath Py is noticeable in Fig. 3.8.
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Figure 3.9: Frequency dependence of the FMR linewidth for the two studied samples. The respective slopes are proportional to the Gilbert damping parameter in the Permalloy film, which
is maximally increased by the CVD graphene layer underneath the ferromagnet. The inset to the
figure shows the extracted damping parameters using relation 3.11.

To extract the damping parameters, the frequency dependence of the FMR linewidths over a wide
microwave frequency range is measured with the external field applied in the film plane. The
observed results are shown in Fig. 3.9, where one can clearly see that there is an additional broadening of Py/Gr sample as compared to Py sample at all the excited frequencies. As observed in
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this figure, the measured linewidth for both FM and FM/Gr samples increases linearly with frequency, with negligible inhomogeneous broadening, indicating that damping in the FM film can be
properly explained by the phenomenological Landau-Lifshitz-Gilbert damping model. By fitting
the data in Fig. 3.9 to Eq. 3.1 (using ∆Ho = 0), the damping parameters αP y , αP y/Gr and Gilbert
damping, G, are determined and shown in inset to the Fig. 3.9. For comparing these results with
the Co damping measurements, the extracted damping parameter values for Co and Co/Gr samples
are also shown in Table 3.2. The Gilbert damping increases substantially in the FM/Gr films as a
result of the increased line-width, when compared to the values obtained in the FM samples (which
are comparable with values given in the literature for similar Py and Co films).

Table 3.2: Damping change comparison

Sample

∆α

Damping Parameter

Gilbert damping

(α)

(G)

Py

0.0113

0.311

-

-

Py/Gr

0.0213

0.585

0.01

88

Co

0.0210

1.11

-

-

Co/Gr

0.0489

2.59

0.0279

133

degraded Py

0.0183

0.56

-

-

degraded Py/Gr

0.0306

0.93

0.0123
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Damping change
(%)

It is also worthwhile to mention that for the unintentionally magnetically degraded Py films, the
same change in the damping is observed as explained next. These Py samples are grown with
low power e-beam evaporator system, which results in degraded magnetic properties, e.g., the
effective magnetization in- and out-of plane as depicted in Fig. 3.10. The small in-pane effective
magnetization saturations for Py and Py/Gr samples implies unusual magnetic properties. But still
for these samples, the frequency dependence of the FMR line-width shown in the Fig. 3.10 (c), a
similar change in the damping is observed due to the graphene underneath the ferromagnetic film.
The extracted damping parameters and damping constants are also listed in Table 3.2. Although
the individual damping of these Py and Py/Gr differs considerably from the good samples (Fig.
3.9 inset), the change in the damping due to the presence of graphene is similar. The observed
damping change is also listed in Table 3.2.
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Figure 3.10: (a) In-plane and (b) out-of-plane frequency dependencies of the FMR fields for magnetically degraded Py films with and without graphene. (c) Frequency dependence of the FMR
line-width for both Py and Py/Gr samples obtained with the magnetic field applied at θ = 0 (inplane configuration). The corresponding damping parameters are shown in the inset.
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So far we have learned and experimentally observed that there is a change in ferromagnetic damping due to the presence of graphene. We also know that pure spin currents carry away spin angular
momentum, in an FMR experiment the transfer of angular momentum from the FM into the NM
layer results in an enhancement of the Gilbert damping in the ferromagnet. Keeping this in mind
we can assume that the observed damping due to graphene can be attributed to spin pumping from
the ferromagnetic material to graphene layer.
Remarkably, the change in the damping parameter in the Py/Gr sample (∆α = 0.01 ) is even
more pronounced than those observed in Py/Pt systems, in which the thick (when compared to
graphene) heavy transition metal Pt layer provides the large spin-orbit coupling necessary to absorb
(i.e., relax) the spin accumulation pumped away from the ferromagnet. For the case of graphene,
one would expect very small spin-orbit coupling due to all carbon atom structure of the single
layer sheet. The pumped spins into the graphene need to relax over small distances to explain
the observed damping if we simply extend the physics of spin pumping of normal metals to the
case of graphene. In the case of Pt or other heavy metals, there is intrinsic spin-orbit coupling
in the electronic structure which can relax the spins at higher rates (or small distances) due to the
effective spin-orbit field. Also, the spin diffusion lengths measured in graphene sheets using lateral
spin valves is of the order of microns (on SiO2 substrate it is about 1.2 -2 µms) [13][14][15]. On the
other hand in metals like copper, with small spin-orbit coupling and long spin diffusion lengths,
there is no change in the damping of the ferromagnetic material as reported by many damping
experiments. The spins pumped into the copper can flow back coherently into to the ferromagnet
without affecting the damping. This idea of the spin back flow is well explained by the theory
Tserkovnyak et al. [32]. For a copper thickness larger than the spin diffusion length, there is
indeed a change in damping of the ferromagnet owing to the spin pumping mechanism and the
full relaxation of spin polarization. This points to the possibility of some additional damping
mechanism at play here.
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Indeed, we need to keep in mind that spin pumping mechanism is not the only phenomenon which
can result in the enhancement of the ferromagnetic damping [60]. So far, we were dealing with
Gilbert damping which follows from the Landau-Lifshitz-Gilbert equation and it scales linearly
with the microwave frequency. However, this is true only if the static magnetization is pointing
towards the external dc field. If the magnetization and dc field are not parallel, that can give rise
to another Gilbert-damping like contribution named field-dragging. This damping arises due the
dragging of the ferromagnetic magnetization behind the dc magnetic field because of the anisotropy
fields. This field dragging contribution vanishes along the easy and hard axis of the ferromagnet.
For the case of Py, with small anisotropy, this contribution can be assumed to be negligible.
Another Gilbert like damping which can result in the FMR line broadening is called mosaicity. In
the thin ferromagnetic films, there can be inhomogeneities of the internal fields, directions of the
crystal and sample thickness. These variations can be present inside the samples over large areas.
One can imagine that these inhomogeneous regions can have slightly different resonance conditions locally. The FMR signal of the bulk sample then will be a superposition of these individual
regions which can results in broader linewidths. Again this contribution vanishes along the easy
and hard axis of the anisotropic ferromagnet.
Also, we know that ferromagnetic samples used in this dissertation cannot be expected to be free
of scattering impurities. These scattering centers in the sample, can give rise to additional damping
due to two-magnon scattering process. It is the process wherein, the uniform FMR modes excited
for k = 0 magnon, scatters into degenerate states of magnons with k 6= 0. Here k is the wave
vector. For this process to be effective, there needs to be degenerate magnon states allowed by
the spin-wave dispersion. The different wavelength of the spin waves can scatter either from the
atomic scale defects or the long range defects. If the short wavelength spin waves are taking part
in the damping, these defects can act as scattering centers to increase the damping by two-magnon
process. On the other hand, the long-range defects can scatter long wavelength spin waves.
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Figure 3.11: The 3D rendering of the graphene toppography acquired by STM at cryogenic temperature.

The presence of defects or change in magnetic properties of Py films due to graphene can introduce
additional mechanisms of damping. One possibility is that the growth of Py (or Co) results in thin
films with defects or different properties for the first few atomic layers of Py near graphene surface
during growth. Indeed, it has been shown by the in-situ nanoscale microscopy measurements, that
the metal depositions on the graphene surface results in the small finely distributed clusters for the
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first sub-monolayers [61]. Although, with more coverage, these clusters in the sub-monolayers
changes to 3D structures, the clusters are still present at the interface of graphene surface. Also, it
has been reported that the cobalt grown on the graphene surface shows magnetic inhomogeneities
as compared to cobalt grown on the standard substrates, as confirmed by the magnetic force studies
[62]. To look at the possibility of ferromagnetic film degradation near the graphene surface, we
carried out the scanning tunneling microscopy on the graphene surface sitting on the SiO2 substrate. To no surprise, the graphene surface is not atomically flat as one would expect naively,
but has nanoscale ripples. These ripples are clearly seen in the three-dimensional rendering of
the graphene surface topography acquired by the tungsten tip in UHV conditions as shown in Fig.
3.11. These nanoscale ripples on the surface can certainly affect the growth of the ferromagnetic
film on the surface of graphene. The growth of the ferromagnet on this rippled surface will be
different than the case of relatively flat substrates like SiO2 . The first sub monolayers of the Py
thin films near the graphene surface can result in degraded magnetic properties. The ferromagnetic
material clusters at the graphene/ferromagnet interface can act as scattering impurity centers and
contribute to the broadening of the resonance linewidth as explained earlier.
Apart from the large observed damping, the association of this damping to spin pumping is nontrivial due to the fact that graphene is a two-dimensional material. In the case of spin pumping the
spins have gradient normal to the interface. For the case of normal metal there is finite thickness
due to which the pumped spins have channels to relax or decay. But in the case of graphene, there
is no conducting channel normal to the interface of ferromagnet and graphene.
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3.3 Comparison of damping due to graphene with its three-dimensional counterpart graphite

To better understand the nature of spin injection in FM/Gr interfaces in this report, next I present a
comparison study of the dynamical spin pumping in extended FM/NM films where highly ordered
pyrolitic graphite (HOPG) is employed as the NM layer. Although the FMR linewidth of the
FM/HOPG film broadens with respect to that of the FM layer alone, the effect is substantially
smaller than that observed in FM/Gr films, indicating that the main spin relaxation processes occur
at the interface, where graphene is expected to present a stronger spin-orbit coupling than HOPG
due to residual Cu adatoms.
For sample preparation, the bulk HOPG sample was purchased from SPI Supplies. The surface of
graphite was cleaved with residue free tape to obtain a fresh and atomically flat surface just before
depositing the ferromagnetic film atop. The HOPG samples used in the experiments are about
300-400 µm thick, well above the spin diffusion length of the material. The crystals are cleaved
with residue free tape to obtain an atomically flat surface. Sketches representing the three samples
are shown in Fig. 3.12 (a). The 10 GHz FMR spectra (transmission parameter S21 ) recorded
for the three samples sweeping the magnetic field applied parallel to the film plane (within θ <
0.5 degrees) are shown in Fig. 3.12 (b). The frequency and magnetic field angular behaviors
of all samples have also been obtained to determine the magnetic anisotropy of the films (not
shown). Only small variations in the effective saturation magnetizations have been found within the
samples, with the effective saturation magnetization decreasing from 7.3 kG (in Py) to 6.1 kG (in
Py/HOPG) and to 5.8 kG (in Py/Gr), which explains the different positions of the FMR resonances
in Fig. 3.12 (1.28 kG, 1.43 kG and 1.55kG, respectively). This could be done to a successive
enhancement of the interface anisotropy due to the presence of the graphite and graphene layers
or to the creation of a dead magnetic layer which effectively decreases the magnetization value.
Changes in other characteristic film parameters, such as the gyromagnetic ratio (with g ∼ 2.1), are
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found to be minor. Fig. 3.12 (b) shows the field derivative of the FMR spectra for three compared
samples and the FMR linewidth is obtained as the peak-to-peak field difference of dS21 /dH as
indicated with arrows in Fig. 3.12(b). The broadening of the spectra is lower in the Py/HOPG
sample than in Py/Gr.

Figure 3.12: (a) Schematics of the three samples studied : Py, Py/HOPG and Py/Graphene extended films on Si/SiO2 substrates. (b) 10 GHz FMR absorption spectra for the three samples
studied in this work as a function of a magnetic field applied along the plane of the films. The
field derivative of the waveguide transmission parameter allows the analysis of the FMR linewidth
which is extracted from the peak-to-peak distance.
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As mentioned before, the increase in the FMR linewidth is associated to an enhancement of the
Gilbert damping in the ferromagnetic film due to pumping of angular momentum into the adjacent non-magnetic layer. To analyze this effect in detail the frequency dependence of the FMR
linewidths over a wide microwave frequency range, with the external field applied in the film plane,
is measured. The observed results on the three studied samples are compared in figure 3.13, where
one can clearly see that the broadening in the Py/HOPG sample is not as pronounced as the one
observed in Py/Gr.

Figure 3.13: Frequency dependence of the FMR linewidth for the three samples studied. The
respective slopes are proportional to the Gilbert damping parameter in the Permalloy film, which
is maximally increased by the CVD graphene layer underneath the ferromagnet.
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Fitting of the data in Fig. 3.13 to Eq. 1.11 provides the values for the damping parameters which
are shown in Table 3.3 for these three samples αP y/HOP G = 0.0155 and GP y/HOP G = 0.425 GHz.
These values represent an increase in the Gilbert damping in Py/HOPG and Py/Graphene of 37%
and 88% with respect to the Py film, respectively. Importantly, the present results indicate that
the effect obtained with graphene is even larger than with graphite, which can be considered the
three-dimensional extension of graphene.

Table 3.3: Damping change comparison due to Graphene and Graphite

Sample

∆α

Damping Parameter

Gilbert damping

Damping change

(α)

(G)

Py

0.0113

0.311

-

-

Py/Gr

0.0213

0.585

0.01

88

Py/HOPG

0.0155

0.425

0.0042

37

(%)

In a standard Py/NM metallic system the spin current injected into the NM layer decays mainly
perpendicularly to the interface, causing the enhancement of the damping parameter to depend
on the ratio between the layer thickness and the spin-diffusion length in the NM film. This is
because some of the angular momentum transmitted into the NM layer can flow back into the Py
due to the out-of-equilibrium spin accumulation in the NM layer and, consequently, effectively
decrease the amount of momentum pumped out of the Py. For heavy metals with strong spinorbit coupling pumped spins quickly diffuse in the NM decreasing the probability to backflow
into the Py, even when using thin NM layers, such as in the case of Pt and Pd. In metals with
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larger spin diffusion times, e.g., metals where the spin-orbit coupling is small such as in the case
of Cu, the enhancement of the Gilbert damping will be less pronounced and thicker NM layers
will be necessary to efficiently absorb the angular momentum pumped away from the Py. This is
what makes the observed enhancement of the Gilbert damping in Py/Gr so special, since graphene
has effectively zero thickness and, at least theoretically, a very weak intrinsic spin-orbit coupling.
Consequently, one would expect the effect to be stronger when using graphite, contrary to the
observations.
Furthermore, some sizable spin-orbit coupling must exist in CVD graphene films to explain the
damping results, and this should overcome the one provided by thick films made up of HOPG.
The latter may also explain the generally observed very short spin relaxation times in lateral CVD
graphene spin valves. The adatom engineering has been theoretically predicted to lead to a strong
enhancement of the spin-orbit coupling, bringing it into the meV range. Indeed, small levels of
hydrogen [63] and copper adatoms [64] in graphene have been predicted to exhibit the phenomenon
of Spin Hall effect, which relies on the spin orbit coupling dependent transverse deflection of
charge carriers with different spin projection. Small levels of Cu adatoms are likely to remain from
the synthesis of the CVD samples utilized in our experiments, pointing at a possible explanation
for the remarkably large spin pumping effect observed in the Py/Gr bilayer, since this kind of
scattering centers are not found in HOPG films.
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3.4 Comparison of damping by reversing the permalloy-graphene stacking order

As just discussed, one factor which can contribute to the damping aside of spin pumping is an
increased roughness of the Py film (degradation of the Py surface) at Py/graphene interface. This
can result in changed surface anisotropy and/or saturation magnetization and affect the magnetostatic properties of the film, including damping. This is a case of consideration in the previous
experiments, since the Py film is deposited on top of graphene and it is shown by STM studies that
graphene on SiO2 substrate is not atomically flat, but has nanoscale ripples which can increase the
roughness of evaporated Py at the interface.
As depicted in section 3.2, there is a noticeable change (∼ 30 %) in the saturation magnetization and the magnetocrystalline anisotropy of the Py film when deposited on graphene, although
no inhomogeneous broadening of the linewidth was observed. Also, similar results on increased
damping with the presence of graphene were observed with Co films, where changes in the film
quality were minimal ( 1%) , which pointed at spin pumping as the most likely source behind the
observations.
To further support the previous damping results, control experiments are performed in which the
graphene is wet-transferred on top of the Py thin films which had been previously e-beam evaporated into bare SiO2 /Si wafers. The Py thin films are evaporated on SiO2 substrates and the bilayer
of graphene/polymer floating films are scooped from the aqueous solution onto the surface of the
ferromagnet. The polymer is dissolved away using acetone. This way, the presence of graphene
does not compromise the integrity of the ferromagnetic film, since it is placed on top of the film
after the evaporation. Indeed, the quality of the Py film is improved from those used in section
3.2, with an effective saturation magnetization Mef f = 9.07 KG extremely close to the expected
saturation magnetization for this alloy (Ms = 9.27 KG), which only slightly decreases to Mef f =
8.83 KG (change of 2.5 %) when graphene is placed on top of the film (most likely from a slightly
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increased oxidation of the Py surface while immersing the film in water during the graphene wettransfer process.

Figure 3.14: (a) Comparison of frequency dependence of the FMR linewidths for Py and Py/Gr
films. (b) Corresponding results on Py and Gr/Py films, where the stacking order of the graphene
and Permalloy films has been reversed. The schematics of the samples are also shown in the
figures.

The results are depicted in Fig. 3.14, which shows the frequency dependence of the FMR linewidth
of Py and Gr/Py extended films obtained as described above. Although smaller when compared to
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the case when Permalloy is grown on the graphene by a factor of 2.5, the Gr/Py film still shows
a substantially increased damping with respect to that observed in the Py film. Although there
is a non-zero intercept of the data at f = 0, which would denote the presence of inhomogeneous
damping, it is minimal and we attribute it to a perceptible asymmetry in the FMR spectra, which
complicates the analysis of the data for these samples (most likely coming from the CPW used in
the experiments). In any case, the inhomogeneous broadening is the same for the Py and Gr/Py, so
it does not affect the determination of the dynamical damping which is extracted from the slope,
attending to Eq. 1.11.

Table 3.4: Damping comparison reversing the stacking order of graphene and Py film

Sample

∆α

Damping Parameter

Gilbert damping

Damping change

(α)

(G)

Py

0.0113

0.311

-

-

Py/Gr

0.0213

0.585

0.010

88

Py

0.0096

0.257

-

-

Gr/Py

0.0133

0.113

0.0037

35

(%)

Note that the damping of the Py films for two different sets is slightly different because of the fact
that these films are grown at different times. The growth conditions cannot be exactly the same.
The damping parameters extracted for these samples are: αP y = 9.6 ×10−3 & GP y = 0.257 GHz;
αGr/P y = 13.0×10−3 & GGr/P y = 0.339 GHz. This corresponds to 35% change in damping for
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Py/Gr (graphene on top of Permalloy) as compared to the 88% change observed for the reverse
stacking order (Py/Gr). For the sake of clarity, the observed damping values are also compared in
the Table 3.4.
These results also confirm that there is a significant contribution from spin pumping to the dynamical damping of the magnetization in the Py film due to the presence of graphene. This large
difference in damping change due to graphene, just by changing the stacking order of Py/graphene
bilayer points to the possibility that the damping observed in previous section has contributions
from the interface scattering as well as spin pumping. This possibility has also been recently
pointed out by studying the magnetization dynamics of cobalt deposited on graphene.
Now, assuming that there is no change of the interface of Py for the case when we transfer graphene
on the ferromagnet, is it possible to attribute this observed damping to spin pumping? It is worth
pointing out the fact that graphene is transferred onto evaporated Py films from the aqueous solution and one cannot rule out the possibility of Py surface oxidation during the transfer process (due
to water solution) which can also contribute to the enhanced damping.
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3.5 Comparison of damping by inserting a cu spacing layer in between the py film and graphene

To rule out the posibility of an additional damping due to the Py surface oxidation during the
graphene transfer process, I carried out further FMR experiments for controlled extended films by
inserting a thin layer of copper (Cu) in between Py and graphene.

Figure 3.15: Illustration of the Py, Cu and Gr heterostructures.

The following samples are prepared: Substrate/Py (14nm); Substrate/Cu(20nm)/Py(14nm) and
Substrate/Graphene/Cu(20nm)/ Py(14nm). The cartoons representing the samples are shown in
Fig. 3.15. I use 20nm thick Cu because it is less than the spin diffusion length (order of 100nm) and
one expects to see negligible spin relaxation and hence no enhanced damping due to the presence
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of Cu in the FMR experiments. The in-plane dc field FMR for the above mentioned three samples
is excited at different frequencies and the corresponding FMR linewidths are extracted as explained
before.

Figure 3.16: Frequency dependence of the FMR linewidth of Py, Py/Cu and Py/Cu/Gr films.

The results are shown in Fig. 3.16 where it is clear, as expected, that there is not change in damping
due to the only presence of Cu underneath the Py, due to the fact that all the pumped spins reflect
coherently back into the ferromagnet. It has been shown before that by increasing the thickness
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beyond the spin diffusion length in Cu the spin pumping induced damping enhancement can be
observed [65]. In addition, the mechanical/structural effect of a graphene layer 20nm away from
the Py sample will be negligible and the Py/Cu interface will remain unaltered, whether or not
graphene is underneath the heterostructures. Now, for the case of graphene/Cu/Py stacking there
is a clear change in the damping (i.e., the slope of frequency dependence of FMR line-width).
The extracted damping for these samples is: αP y = 12 ×10−3 & GP y = 0.315 GHz;αCu/P y = 11.9
×10−3 & GCu/P y = 0.312 GHz; αGr/Cu/P y = 16.2 ×10−3 & GGr/Cu/P y = 0.422 GHz.
This is about 35 % change in the damping due to graphene and is similar to what has been observed
in the last experiment where graphene was transferred onto Py. These damping results by inserting
copper thin film are also catalogued in Table 3.5.

Table 3.5: Damping experiemnts by inserting the Cu in between FM and graphene

Sample

∆α

Damping Parameter

Gilbert damping

Damping change

(α)

(G)

Py

0.012

0.315

-

-

Py/Cu

0.0119

0.312

no change

no change

Py/Cu/Gr

0.0162

0.422

0.0042

35

(%)

One can think of attributing this to intrinsic damping due to spin pumping into the graphene, but
we need to keep in mind that graphene is a two-dimensional material with no conducting channel
out of plane. For spin pumping into normal three-dimensional systems studied so far, the spin gra77

dient is perpendicular to the ferromagnet/non-magnetic material, i.e., the spin polarization decays
normal to the ferromagnet/NM interface. But in the case of graphene, the only direction spins
can decay is along the plane of the graphene sheet due to the two-dimensional nature of the lattice. In all the previous explained experiments on extended thin films, only a small part (∼20µm
×1000µm) of the total film (∼ 5mm × 5mm) is excited, the area which is directly on top of the central constricted part of the CPW. The spin density pumped from the excited part of the ferromagnet
into the graphene directly underneath can only decay in the horizontal graphene plane which is not
under microwave excitation. The part of the graphene sheet which is away from microwave excitation, where pumped spin current is expected to relax or decay, is either in contact with the copper
or ferromagnetic material (for the experiments in sections 3.1-3.4) . Given that graphene is highly
sensitive to the environment, the presence of a ferromagnet (or copper) is expected to change the intrinsic electronic and spin relaxation properties. One can say that the relaxation process of pumped
spin currents will not only be defined by the graphene but also the adjacent ferromagnet. It is
therefore pointed out that the observed damping or corresponding spin mixing conductance in the
samples studied so far can also have contribution from the graphene/ferromagnet layer hybridization away from the excitation area, apart from intrinsic relaxation in the graphene sheet. This asks
for device geometry in which the damping associated with spin pumping can be systematically
differentiated.
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3.6 Damping using long ferromagnetic stripes

The set of experiments described before (in section 3.3 and 3.4) eliminate structural changes in
the Py as a sole cause for the observed damping enhancement. However, the presence of the
ferromagnet in close proximity to the single-layer graphene, even in areas away from the FMR
excitation, may influence the diffusion of the spins pumped away from the Py film, which can still
act as a spin sink since electrons can flow back into it. To avoid this situation, I have patterned the
Py/Gr film into long (l = 3mm) and narrow (w = 25 µm) strips which are placed directly underneath
the central line of the µ-CPW, as shown in Fig. 3.17.

Figure 3.17: Sketches illustrating the strips used in the experiments described in the text. The Py
strips are all the same dimensions, with a length of 3mm and a width w = 25 µm. a) Py strip. b)
Py/Gr strip. c) Py/Gr-prt strip, with graphene protruding from the sides of the Py strip by d = 12
µm.
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Essentially, three different samples are prepared for this study: a) a 20 µm × 3 mm Py strip ; b) a
20 µm× 3 mm Py/Gr strip ; and, c) a 20 µm × 3 mm Py/Gr strip with the single-layer graphene
under the Py strip as well as protruding away from the Py strip on both sides, which we shall call
Py/Gr-prt henceforth. Figure 3.18 (a) shows a scanning electron microscope image of a Py/Grprt strip, where one can clearly see the continuous sheet of graphene extending away from the
central ferromagnet strip. Note that the length by which graphene protrudes on each side of the
ferromagnet strip, i.e., d ∼12 µm, is larger than the spin diffusion length of CVD graphene (∼2
µm), in order to allow for a total relaxation of the spin pumped away from the ferromagnet. The
devices are prepared by transferring a single-layer graphene onto a GaAs/SiO2 substrate, after
which unwanted graphene areas are etched away using a photoresist mask and standard optical
lithography. Following etching and e-beam evaporation of the Py strip, a 100 nm-thick layer
of silicon oxide is grown atop to insulate the device from the central line of the µ-CPW, which
ultimately covers the sample (as depicted in Fig. 3.18). This geometry guarantees a homogeneous
FMR excitation of the whole Py strip.
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Figure 3.18: (a) Electron microscope image of the Py/Gr-prt stripe before being placed underneath
the central line of the µ-CPW sensor. The close up of the surface shows the continuity of the
graphene sheet. There are also some wrinkles on the sheet. (b) The optical image of the PyGr-prt
sample where the extended part of the graphene is visible.

Standard broadband FMR measurements are performed on the samples described above to extract
the FMR linewidths. The corresponding field-derivatives, dS21 /dH, obtained at an irradiation frequency of 12 GHz with the dc magnetic field applied in the plane of the Py strips are shown in
Fig. 3.19. The FMR linewidth, defined as the peak-to-peak distance in the dS21 /dH, is largest for
the sample with graphene protruding away from the Py strip (i.e., the Py/Grex strip) and smallest
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for the sample with Py only (i.e., the Py strip). The frequency dependence of the in-plane excited
FMR linewidth for these samples is shown in Fig. 3.20.

Figure 3.19: Field-derivatives of the FMR response for the three strips discussed in the text.

The observed linear frequency dependence of the linewidth can be explained by means of the dynamical Gilbert damping model. These extracted damping parameters for in-plane FMR excitation
(figure 3.20) are as follows: αP y = 9.1×10−3 & GP y = 0.239 GHz; αP y/Gr = 11.3×10−3 & GP y/Gr
= 0.299 GHz; αP y/Grex = 13.0 ×10−3 & GP y/Grex = 0.333 GHz. These observed values are also
catalogued in Table 3.6 where the change in the damping parameter (∆α) is the change with respect
to the Py strip.
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Figure 3.20: In-plane frequency dependences of the FMR linewidth of the three strips.

There is a considerable enhancement in damping when going from the Py-only strip to the Py/Gr
strip, where graphene is only present underneath the ferromagnet.
This damping cannot be attributed to spin pumping given the 2D nature of graphene, which is
located only underneath the Py strip because graphene does not provide any conduction channel
perpendicular to the interface. Indeed, it has been shown that graphene can act as an effective
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tunnel barrier for electrical spin injection into silicon due to the very large resistivity of carriers
across the graphene sheet [66][67]. The observed FMR broadening can be due to changes in
the magnetic response of the Py due to surface changes induced by the graphene, such as an
enhancement of two-magnon scattering processes. It has been recently shown that the deposition
of Co films on graphene results in magnetic variations and enhanced magnetic coercivity [62]. In
our case, for example, we observe a slight change (< 10%) in the magnetization saturation when
graphene is present.

Table 3.6: Damping experiments on long strips

Sample

∆α

Damping Parameter

Gilbert damping

Damping change

(α)

(G)

Py

0.0091

0.239

-

-

Py/Gr

0.0113

0.299

0.0022

24

Py/Gr-prt

0.013

0.333

0.0039

43

(%)

The linewidth associated to two-magnon processes measures the rate at which the uniformly excited FMR modes scatters into other k6=0 spin wave modes. If the scattering centers in the ferromagnetic film are not isotropic, then two magnon scattering can have an dependence on the magnetization direction. When the magnetization is excited at an oblique angle from the film plane, there
can be degenerate modes resulting in two-magnon scattering. But it can be turned off for critical
out of plane magnetization direction. This effect has been observed for thin ferromagnetic films
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[60]. Two-magnon processes are substantially weaker when the precession of the magnetization is
excited with the dc field out of the plane and therefore one can get rid of this damping contribution
by out-of plane FMR experiments. Actually, the out-of-plane excited FMR measurements on these
strips seem to support this hypothesis. The results are shown in Fig. 3.21 where for the case Py
and Py/Gr, there is almost negligible change in the slope of the frequency dependence of the FMR
linewidth.

Figure 3.21: Out of-plane frequency dependences of the FMR linewidth of the three strips.

85

This implies that there is no dynamical damping or Gilbert damping contribution due to the presence of graphene only underneath the ferromagnetic film. One would expect that the out-of plane
FMR linewidth should decrease as compared to in plane excitation. This is not the case in the
experiments due to the dragging contributions to the damping. But on the other hand, there is
change in the damping (i.e. slope of frequency dependence of linewidth) of Py/Gr-prt as compared
to Py/Gr sample. This change in the damping is quantitatively similar to the damping difference
we observed for in-plane excitations of Py/Gr and Py/Gr-prt (Table 3.6).
From both out-of plane and in plane excitations there is additional damping due to the protruding
graphene away from the ferromagnetic strip. This damping can not be due to the change in the
interface of the ferromagnetic material because now graphene is extended away from the ferromagnet and does not affect the structure of ferromagnet. In addition, there is no ferromagnet now
adjacent to the graphene layer, so all the relaxation must occur in the graphene.
Going back to in-plane FMR excitation, the differenc in the damping parameter for Py/Gr-prt and
Py/Gr is 0.0017, which represents a 15 % change. Although being the smallest, this 15% damping
enhancement can be univocally associated to spin pumping into single-layer graphene and still
stands comparable to values observed in heavy metals.
To draw a conclusion from the damping studied in differnent device configurations, the Table 3.7
compares the different potential mechanisms responsible for the observed damping.
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Table 3.7: Observed damping and possible underlying mechanisms

Sample

Damping change
(%)

Py/Gr/Substrate
88

Possible damping contributions

Interface roughness damping Py/Gr
+ Enhanced damping due to
Py/Gr hybridization
+ Spin pumping

Gr/Py/Substrate

35

Enhanced damping due to
Py/Gr hybridization
+ spin pumping

Py/Cu/Gr/Substrate

35

Enhanced damping due to
Cu/Gr hybridization
+ Spin pumping

Py/Gr/Substrate strips
(graphene only under Py
and homogeneously irradiated)

24

Interface roughness damping Py/Gr

Py/Gr/Substrate strips
(graphene under Py graphene and
protruding out of Py as well)

15

Spin pumping

We should conclude then that the damping change associated with the spin pumping mechanism
is ∆α = 0.0017. The efficiency of spin injection is usually cataloged by means of the interfacial
spin-mixing conductance, which is proportional to the additional damping, ∆α, as follows:

g↑↓ =

4πMS dF M
∆α,
γh̄
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(3.14)

where MS is the saturation magnetization of the ferromagnetic material and dF M is the thickness
of the ferromagnet. For the observed damping change, spin mixing conductance can be given, g↑↓
= 6.89 × 1018 m−2 . This value is smaller but similar to those found in other Py/NM systems with
a metallic NM layer, e.g., g↑↓ = 2.19 × 1019 m−2 in Py(Ni81 Fe19 :10nm)/Pt(10nm) [68] or g↑↓ = 2.1
× 1019 m−2 in Py(Ni80 Fe20 :15nm)/Pt(15nm) [69] . Note that in the cited experiments, the spindiffusion length of the non-magnetic layer (∼10 nm for Pt) is smaller than the layer thickness.This
is significant since it explains how the Pt layer is capable of dissipating the spin accumulation generated by the dynamical spin pumping, and account for the loss of angular momentum in the Py.
In the case of graphene, the enhancement of the damping parameter is more complicated to understand. In a standard FM/NM metallic system, the spin current injected into the NM layer decays
mainly perpendicularly to the interface, causing the enhancement of the damping parameter to depend on the ratio between the layer thickness and the spin-diffusion length in the NM. However,
graphene has effectively zero thickness and, at least theoretically, a very weak intrinsic spin-orbit
coupling. Therefore, the spin current must decay in a FM/Gr film parallel and not perpendicular
to the interface, as it is confirmed by the additional damping change when graphene is extended
out of the ferromagnet. Note that if the spin current is decaying away from the ferromagnet (in the
plane of the graphene sheet) and spin diffusion length is of the order of few microns, then the spin
density can decay or relax in the protruding part of the graphene sheet which extends 12 microns.
Small levels of hydrogen and copper adatoms have been predicted to lead to a strong enhancement
of the spin-orbit coupling, bringing it into meV range [70][71]. Cu adatoms are certainly likely
to be present in the CVD samples utilized in our experiments, pointing at a possible explanation
for the spin pumping effect observed in graphene. Recent experiments on the chemically grown
graphene, have shown the spin Hall effect wherin the transverse seperation of charge carriers with
different spin polarization is observed [72]. In this work it was proposed that the residual copper
adatoms/clusters can act as a local spin-orbit scattering centres to create the spin polarization by
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SHE effect. The graphene used for spin pumping experiments is grown by smilar processes and
have copper adatoms even after cleaning the surface with H2 annealing. Although Cu itself has
low SO coupling strength, it can induce deformation in the graphene lattice and charge carriers in
graphene can in turn experience enhanced SO interaction due to these lattice deformation. These
copper adatoms can enhance the spin relaxation and provide the necessary spin-orbit coupling in
graphene for the spin currents to decay faster.
To summarize the damping experiments presented in this chapter, graphene under Py induces an
enhancement in the damping of the FMR. This enhancement in the damping primarily due to
two-magnon excitations at the Py/Gr interface. This was confirmed by measuring the damping
for an out-of-plane applied dc magnetic field, where the two-magnon damping contributions are
suppressed and no enhancement of the damping was observed in the Py/Gr sample in comparison
to Py strip. Most importantly, the additional damping enhancement is observed for the Py/Gr-prt
samples and supports the assertion that spin pumping must occur across the quasi-one-dimensional
Py/Gr-prt interface at the very edge of the Py strip.

3.7 Theoretical considerations for the observed experimental results

To discuss the fundamental implications of the results obtained from the damping experiments
described above and reconcile the experimental results with the existing spin pumping theory (developed for normal ferromagnet/non-magnetic system), the following scenario is proposed. The
proximity of Py to graphene induces a weak equilibrium ferromagnetization in the latter [73].
The precessing magnetization in the Py film adiabatically pumps a spin current into the graphene
layer underneath the Py, thus creating an additional non-equilibrium spin accumulation in that
layer. Part of the excess spin polarization is relaxed by local defects and impurities present on
graphene (through local-moment scattering or spin-orbit coupling). When the graphene layer does
89

not protrude away from the Py, the remainder non-equilibrium spin accumulation creates a coherent backflow spin current into the Py. Thus, in steady state, there is no net spin current and the
enhanced damping of the FMR is mainly due to spin relaxation in the graphene layer underneath
the Py. However, when the graphene layer extends beyond the Py, the non-equilibrium spin accumulation causes a spin current to flow into the protruded graphene regions, reducing the amount of
coherent backflow into the Py and thus increasing the damping of the FMR due to magnetization
loss. In this case, it is standard to obtain the spin-mixing conductance associated to the pumping
of spin into the extended graphene regions using Eq. 3.14. Yet, this equation is only justified if
the spin current relaxes much faster than the charge diffuses (i.e., when the electronic motion in
the extended graphene regions is ballistic or when very strong spin scattering is present, which are
unlikely in our samples). It is rather expected, for the graphene samples used here, that charge
carriers diffusse with a charge relaxation time τ << τs , where τs is the spin relaxation time. In
this case, a non-equilibrium spin population builds up on the protruding graphene near the Py edge.
This causes the spin current to partially flow back into the graphene underneath the Py. This tends
to decrease the amount of spin pumped out of the Py. The correction for this finite spin backflow
affect the Eq. 3.14 as following [74]

ef f
γh̄g↑↓
,
4πMS d

(3.15)

1
1
=
−β
eff
g↑↓
g↑↓

(3.16)

∆α =

with

ef f
where β is the backflow (dimensionless) parameter. Since g↑↓ > 0, we must have g↑↓
< 1/β.

For the bilayer of ferromagnet and graphene, the theory developed by Tserkovnyak et al. for a
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three-dimensional FM/NM interface can be adapted to yield

β=

2τs A
,
hNF lλs

(3.17)

where NF denotes the density of states of graphene at the Fermi level, l is the length of the Py
√
strip, A is the area of the Py/graphene interface, and λs = Dτs represents the spin diffusion
length (notice that λs << L, where L is the length of the extended graphene region for Gr-prt
samples). From electrical transport and dc spin injection measurements of graphene [13][14][16],
τs = 10−10 s, D ≈ 5× 10−3 m2 /s, and NF = |EF |/(πh̄2 vF2 ), with |EF | ≈ 100 meV and vF = 106
m/s, one obtains, β ≈ 4 × 10−12 m2 , which is a much larger value (by several orders of magnitude)
ef f
and
than the experimental value 1/g↑↓ = 1.5 × 10−19 m2 . This implies a negative value for g↑↓

therefore indicates that Eq. 3.16 may not be directly applicable to FM/Gr-prt setup. Here, the main
problem is not in the estimate of the backflow parameter β, since this follows straightforwardly
from reasonable estimates for the graphene parameters l, D,τs , and NF . Instead, the problem is
believed to be due the assumption that spin currents pumped by the Py are fully injected into the
protruding graphene sheets. It may be possible that very close to the edge where the protruding graphene meets the Py, there is a strongly enhanced spin relaxation, effectively making λs a
much shorter length scale, rendering the backflow negligible. However, this interpretation requires
further experimental verification and a more detailed theoretical modeling.
This concludes the discussion about the spin pumping into graphene by means of studying the
damping of the ferromagnetic material. I have shown the effect of the interface on the dynamical damping by studying different stacking orders of graphene and permalloy layers. In order
to understand the spin pumping and spin relaxation mechanism in graphene, I have performed
comparative FMR studies of ferromagnet/graphene strips buried underneath the central line of a
coplanar waveguide such that the whole ferromagnet is excited homogenously by the microwave
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stimulus. An additional FMR linewidth broadening is observed when the graphene layer protrudes
away from the ferromagnet strip, indicating that the spin relaxation in graphene occurs away from
the area directly underneath the ferromagnet being excited. These results confirm that the observed damping is indeed a signature of dynamical spin pumping wherein spin polarized currents
are pumped into the graphene from the precessing magnetization of the ferromagnet
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CHAPTER 4: DEVELOPMENT OF A SPINTRONICS DEVICE IN 2-D
CRYSTALS FOR INTERCONVERSION OF SPIN AND CHARGE
CURRENTS

So far, we have used the ferromagnetic resonance linewidth to detect the spin current generated by
the spin pumping mechanism. In this chapter, I will discuss the concept and experimental study of
the Inverse Spin Hall Effect (ISHE). As discussed in chapter 1, the SHE refers to the phenomena
of transverse generation of spin currents when an electric current flows in a non-magnetic material.
The mechanism originates due to spin-orbit interaction in the material and the transverse seperation
can be caused by external scattering mechanisms or intrinsic electronic band structure. Basically,
by the SHE an electric charge current is converted into a spin current. Conversely, due to the same
underlying effect of spin-orbit coupling/interaction, the spin currents can also be converted into
charge currents (or electric potentials) and this effect is known as the ISHE. The ISHE effect is
used to show beyond any doubt the generation of spin current by subsequently converting the spin
currents into a charge current. Also, it is used to extract the parameter called ”spin Hall angle”
which gives the efficiency spin-charge conversion in any material.
Consider an example of a typical bilayer of ferromagnet and normal metal as shown in Fig. 4.1.
When the magnetization of the ferromagnet precesses around the externally applied dc magnetic
field (along x-axis), a spin current with polarization along the magnetization precession axis(x) is
pumped into the normal metal. The spin current density Js decays perpendicular to the film plane
(-z axis). Spin current along the z-axis means that the electrons moving in two opposite direction
along this axis have opposite spins. Due to spin-orbit interaction, these carriers with opposite spins
get deflected into the same direction, which results in charge current in a direction transverse to
the spin current gradient.
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Figure 4.1: The schematic of the Inverse Spin Hall effect. The spin current has a gradient perpendicular to the FM/NM interface, with spin polarization along the direction of the equilibrium
magnetization. The electric field is generated along the y-axis. The ac oscillating field is directed
in the z-direction.

The electromotive force corresponding to this charge current generated along y-axis can be measured by placing electrodes at the ends of the non-magnetic material.
In order to look at this effect more quantitatively, Tserkovnyak et al. [32] [74] explained that the
spin current at the interface of ferromagnet and non-magnetic material can be written as

jos~s =

∂m
~
h̄
Re(2g↑↓ )[m×
~
],
8π
∂t

(4.1)

where h̄ is the reduced Planck’s constant, g↑↓ is the spin mixing conductance, m
~ is the unit vec-
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tor of magnetization, and ~s is the unit vector representing the spin polarization and is along the
equilibrium magnetization direction given by dc field direction.
More specifically, it means that the spin current generated by spin pumping decays into the nonmagnetic material perpendicular to the interface and the spin polarization has always a component
along the applied dc field. This results in accumulation of spin density µN in the non-magnetic
layer. In case there is not spin relaxation of the injected spin current for the given thickness of
the NM material, the spin current are absorbed back into the ferromagnet. One example of this
scenario is a bilayer of FM/Cu, with a Cu thickness less than its spin diffusion length. It has
been shown in section 3.3 that the presence of 30 nm Cu in contact with Py does not result in
any damping enhancement, implying that the pumped spins into the Cu are reabsorbed by the Py
without affecting the magnetization dynamics of the Py. On the other hand, for metals with strong
spin-orbit coupling and small spin diffusion lengths (e.g., Pt), the spins relax over the length scales
of spin diffusion length (λs ). The spin density accumulated by the spin pumping then decays in
the NM owing to the momentum scattering and spin flip scattering mechanisms. This dissipative
propagation of the spin accumulated generated by spin pumping can be given by the spin diffusion
equation

ιω~µN = D

1
∂ 2µ
~N
−
µ
~N,
2
∂z
τsf

(4.2)

where D is the electron diffusion coefficient, τsf is the spin flip time, and ω is the angular frequency.
The boundary conditions for the bilayer FM/NM system under consideration are

jos~s(z = 0) = −D
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∂~µN
|z=0
∂z

(4.3)

and
∂~µN
|z=tN = 0.
∂z

(4.4)

Eq. 4.2 can be solved analytically to yield the decay of spin accumulation into any material as a
function of distance from the FM/NM interface

js (z) = jso

sinh[(z − tN )/λsd ]
,
sinh[tN /λsd ]

(4.5)

where tN is the thickness of the NM.
Using the spin mixing conductance parameter extracted from the comparative damping measurement, as shown in chapter 3 (Eq. 3.14), the dc spin current density can be calculated. Also, as
discussed earlier, the presence of spin-obit coupling results in different deflection directions for
opposite spin electrons and generates a transverse Hall voltage called Inverse Spin Hall effect
(ISHE) voltage. This effect can be measured as a voltage difference generation across the bilayer
edges as depicted in Fig. 4.1. Quantitatively, the charge current generated by the spin current from
the spin pumping can be written as

~jc (z) = Θ(2e/h̄)js [~n × ~s],

(4.6)

where, Θ is called spin-Hall angle and measures the efficiency of charge-spin inter-conversion, ~n
is the vector normal to the interface, and ~s already introduced in page 96. The spin-Hall angle is a
material-dependent parameter and is a figure of merit for spintronic applications.
In order to develop the experimental setup for measuring ISHE in the lab, I have used a Py/Pt
system as explained in the next section.
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4.1 Experiential realization of ISHE in platinum

I have studied Py/Pt system as a standard benchmark system due to the fact that it is the most
widely system studied so far in the spin pumping field of research. Given that spin-orbit coupling
in Pt is sufficiently high and spin diffusion length is small, one would expect to see the effect of
voltage generated by ISHE more prominent as compared to other metals. In order to meaure the
ISHE voltage, bilayers of Py/Pt are incorporated into the slots of micro-coplanar waveguides as
shown schematically in Fig. 4.2.

Figure 4.2: Schematic of Py/Pt device for ISHE measurements. The bilayer of the FM/NM is
positioned in between the central line and grounding plates. The red circular line represents the ac
magnetic field.

It has been reported that the measured voltage across the edges of a NM at the resonance condition can have other contributions apart from the spin pumping induced ISHE voltage. The most
common voltage contribution coupled to a spin pumping voltage is known as anisotropic magne97

toresistance voltage. In the slots of CPWs, the ac magnetic field is out of the plane and previous
works have shown the successful separation of spin pumping signal from the other unwanted contributions. The spin pumping induced ISHE voltage is symmetric around the resonance fields and
have almost perfect Lorentzian shape. The external dc field can be rotated in the plane of the bilayer film. Note that for exciting the FMR, dc magnetic field has to be normal to the ac field to
achieve maximum microwave power absorption at resonance.
To prepare these devices, the bilayers of Py and Pt are patterned using standard photo lithography
and, subsequently, 15 nm Pt is evaporated followed by 15 nm thick Py film. The material evaporations are carried out by e-beam evaporation at slow evaporation rates. Also, for the evaporation
of Pt, the sample stage is cooled using chilled water during the evaporation. If the sample is not
cooled down during the Pt evaporation, the cracks in the photoresist layer are observed which resulst in bad lift-off. The bilayer stack is 25 µm wide and 3 mm long. After the liftoff of photoresist
in acetone, the on-chip micro CPW is defined through photomask. The CPW metals are evaporated again in high vacuum conditions. The optical image of a complete device is shown in Fig.
4.3 (a). The zoom-in view shows the position of Py/Pt in the slots of the CPW. The device is then
placed in the FMR probe wherein the wide signal line of the CPW is put into contact with the
semi-rigid cable’s protruding central conductor by gently moving the bottom movable brass plate.
The bilayers are electrically contacted by wire bonding from the Gold pads on the substrate to the
conducting pins on the probe. This setup is optically shown in Fig. 4.3 (c). The resistance of the
FM/NM bilayer at room temperature is about 500 ohms.
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Figure 4.3: (a) Optical micrograph of the Py/Pt ISHE device. The zoom in view shows the position
of the bilayer stack. The corresponding scale bars are shown. (b) The device inside the probe for
the measurements. The central line of the CPW is pushed against the copper conductor carrying
the microwaves from the VNA.

The schematic of the circuit to measure ISHE voltage is shown in Fig. 4.4. High frequency
microwaves are applied using either Vector Network Analyzer or HP microwave source. The microwave signal is pulsed using the microwave switch. The microwave switch is driven by the pulse
generator which is capable of applying pulses as small as few 100 ns. The signal generator can give
four complimentary outputs. One of the pulse output can be used to trigger the high-frequency os99

cilloscope. The oscilloscope is used to confirm whether the switch is working and opening/closing
as required by the experiments. The switch used for these experiments works best for certain
applied voltages (in this case 1 V) by the pulse generator. The switch controls the microwave radiation modulation in the sample. The frequency of the modulation is defined by the frequency of the
applied pulses and for the experiments mentioned in this dissertation the modulation frequency is
set to 51.73 KHz. The resulting microwave pulses used for the experiments have 50 % duty cycles.

Figure 4.4: The schematic of the measurement setup for the ISHE.

The modulated high frequency signal is filtered by a DC-block to get rid of any dc voltage potentially coming from the pulses which are driving the high-frequency switch. Then, the radiation is
fed into a high-frequency amplifier with a gain of 30 dBm. This amplified signal is then directed
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to the FMR probe using semi-rigid high-frequency coaxial cables. The other side of the CPW is
terminated with a 50 ohm resistor for good impedance matching. To measure the ISHE signal,
the lock-in amplifier is referenced at the modulation frequency (in this case it is 51.73 KHz) using
one of the outputs of the pulse generator. The external dc magnetic field is swept and the voltage
generated in the Pt is measured using the lock-in amplifier.
The typical measured signal for ISHE is shown in Fig. 3.5. The external field is applied along the
angle α, which is defined in the inset to the figure. At the resonance condition, the magnetization
precesses around the applied magnetic field resulting in transfer of spin angular momentum from
the magnetization to the conduction electrons in the Pt due to spin pumping mechanism. Once
the spin currents are in the Pt, they start to decay in a direction normal to the interface. Owing
to the spin-orbit coupling in Pt and Eq. 4.6, these spin currents results in a charge current along
the length (y-axis in the inset of Fig. 4.5) of the Py/Pt. This charge current can be measured
as an electromotive force signal as shown. Note that the line shape of the ISHE signal is an
almost ideal Lorentzian which points to the fact that, in this particular experiment configuration, the
contribution of effects other than spin pumping mechanism are minimal. One of the characteristic
of the ISHE voltage signal is that it reverses with the reversal of applied magnetic field direction.
As expected, changing α from 90 to 270 results in a change of sign of the voltage signal. The
magnitude of the signal also remains the same for both applied field directions.
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Figure 4.5: The voltage generated due to the ISHE effect in a Py/Pt device. The sign of the voltage
signal reverses with the direction of the externally applied dc magnetic field. The inset to the figure
shows the angle of the applied magnetic field.

Also, by applying the magnetic field at different α in the plane of the film, the effect of contributions from the AMR can be probed. This is shown in Fig. 4.6 where the ISHE signal is shown for
different field directions. The signal continually becomes more asymmetric as the field is directed
along the long axis of the bilayer stack. This is due to the fact that now the measured signal has
also contribution from the AMR and it is well known that AMR has anti-symmetric contributions
around the resonance. For α =0, when magnetic field is applied along the long axis of the strips,
there is vanishingly small ISHE signal in accordance with Eq. 4.6. In Fig. 4.6 (b), the magnitude
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of the ISHE signal is plotted for 180 degree rotation. One can see that the measured voltage signal
amplitude is symmetric for all opposite α’s.

Figure 4.6: (a) The angle dependence of the ISHE signal. The signal disappears for α = 0. (b)
The magnitude of the ISHE signal has the expected symmetry with respect to the applied magnetic
field.

Also, the magnitude of the ISHE signal should scale proportionally with the microwave power. The
power dependence of the ISHE signal for α=90 is shown in Fig. 4.7 (a). The maximum applied
power to the sample is limited by the gain of the amplifier and the power losses in the semi-rigid
cables running to the FMR probe.
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Figure 4.7: (a) The microwave power dependence of the Pt ISHE signal. (b) The signal scales
linearly with the microwave power.

By taking into account the losses in the different parts of the experimental setup, the ISHE signal is
plotted against the power at the position of the sample. As it is clear in the Fig. 4.7 (b), the signal
scales linearly with the applied power. This again confirms that this is indeed a clear demonstration of ISHE voltage generated in Pt due to the spin-charge inter-conversion. These experiments
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demonstrate the ability to perform ISHE measurements in FM/NM systems. Next, I will discuss
the measurement schemes, status and challenges to perform the same measurements in graphene,
which is a two-dimensional material, as oppose to three-dimensional systems studied so far.

4.2 Extending ISHE measurements schemes to graphene

As shown in chapter 2 by the FMR damping measurements, the case of spin pumping into the
graphene is unique due to the two-dimensional nature of its lattice. The damping measurements
have shown that additional damping of the ferromagnet takes place when graphene is extended
outside the ferromagnetic material. This damping has to be unequivocally associated with the spin
pumping. Now, in order to perform spin-charge inter-conversion, i.e., ISHE measurements, one
cannot think of just placing the graphene underneath the ferromagnet and measure the voltage at
the ends of the graphene. This is due to the fact that there is no decay of spin current density
pumped into the graphene in such a device configuration. The absence of any conducting channel
perpendicular to the FM/Gr interface prohibits any charge or spin flow across the graphene layer.
In graphene, pumped spins can only decay in the plane of the sheet. In order to take the twodimensionality of graphene into account, I propose the device scheme shown in Fig. 4.8. In
this configuration, if the ferromagnet is excited normal to the plane, the magnetization precession
will result in spin current in graphene with spin polarization along the equilibrium magnetization
direction, i.e., out of the plane. As the spins can only decay away from the ferromagnet in the
protruding part of the graphene, i.e., along x-axis. Owing to Eq. 4.6, it can be understood that
maximum ISHE voltage will be generated and subsequently measured by placing the electrical
contacts along the y-axis, as depicted in Fig. 4.8.
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Figure 4.8: The depiction of ISHE schematic owing to the 2D nature of graphene. The spins
are pumped into the graphene directly underneath the ferromagnetic material and decay in the
protruding part of graphene. The electric field can be measured along the y direction by exciting
the FMR out of the thin film plane (z-axis).

Also, it is important to mention here that the spin Hall effect in graphene [30] is dependent on
the density of the charge carriers. It has been reported that for the case of CVD graphene (also
pristine graphene with external adatoms such as hydrogen) [72], the non-local voltage generated
due to the transverse separation of spin up and spin down electrons is Fermi-energy dependent.
Balakrisnan et al. [72] have shown that for CVD graphene in an H-bar geometry, as depicted in
Fig. 4.9 (a), a dc electric current applied to the graphene sheet results in a non-local voltage. This
non-local voltage is due to the SHE effect in graphene. The underlying phenomena is as follows:
The presence of Cu adatoms in the graphene sheet results in the enhanced spin-orbit coupling in
the graphene. The Cu adatoms can either enhance the SO coupling locally at the position of the
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impurity or induce a strong potential perturbation. The electrons with opposite spins are spatially
separated in a direction transverse to the applied electric current. This is equivalent to saying that
a transverse spin current is generated in the graphene. This spin current diffusse transversely into
the graphene sheets resulting in an electromotive force in the non-local contacts due the effect of
ISHE.

Figure 4.9: (a) The schematic of SHE effect in adatom modified graphene The spins are electrically
detected by means of ISHE by non-local measurements. (b) The ISHE voltage generated in CVD
graphene. Note the charge density dependence of the non-local signal. These micrographs are
adapted from Macmillan Publishers Ltd: [Nature] (Ref. 30), copyright (2013) and Macmillan
Publishers Ltd: [Nature] (Ref. 71), copyright (2014).
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The non-local signal measured in the CVD graphene is shown in the Fig. 4.9(b) which is adapted
from reference [72]. It is clear that the non-local signal is maximum near the charge neutrality point
of graphene. The skew scattering mechanism is believed to be responsible for this extrinsic SHE
effect. In skew scattering, the asymmetric scattering cross-section for opposite spins generates the
spatial separation of the charge carriers with different spin projections.
For the experiments presented in this dissertation, the spins are generated by the spin pumping
as oppose to the SHE effect. But the phenomena of spin to charge conversion has to be similar,
requiring to tune the charge carriers near the Dirac point in the graphene.
As it is clear from these reported experiments that the spin Hall effect depends on the Fermi energy,
it becomes necessary to tune graphene near the charge neutrality point if the graphene sheet is
doped due to impurities or environment.
To fabricate the devices for measuring the ISHE in graphene wherein the spins are generated
by spin pumping, single-layer graphene sheets are transferred onto GaAs substrate with 300nm
SiO2 layer. The oxide layer allows a good optical contrast to make graphene visible under the
microscope. Continuity of the graphene sheets over large areas is important to measure the ISHE
voltage. The graphene sheets are etched into 1 mm long strips and 50µm as shown in Fig. 4.10
(b). Then 25 µm wide and 15 nm thick Py is evaporated on top of graphene structure. Then, the
gold electrodes are defined on the protruding ends of the graphene as shown in Fig. 4.10 (b). For
electrical insulation, the whole structure is covered with 200 nm of SiO2 except for the parts where
the big gold pads are defined. Big gold pads are left exposed to make electrical connection using
wire bonder. The layer of SiO2 will also act as a gate oxide when the electric voltage is applied to
the central line of the CPW. Growth of SiO2 is followed by the deposition of CPW metals on the
top.
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The central line of the CPW covers the Py/Gr structure. The optical image of a complete device is
shown in Fig. 4.10 (a). The zoom-in view shows how the device is buried underneath the CPW.

Figure 4.10: (a) The optical capture of a graphene ISHE device where graphene/Py is buried
underneath the central line of the CPW. (b) The electron microscope image of etched graphene
into extended configuration, where graphene is underneath the Py as well as extending outside Py,
shown before it is incorporated underneath the CPW.
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Schematic to measure the ISHE voltage is shown in fig. 4.11. The pulsed microwaves are applied
using a VNA or HP source-meter. In order to apply the top gate voltage, the dc voltage is superimposed on the microwave signal using a Bias-Tee. A Bias Tee consists of two ports for ac and
dc inputs and one output port containing the both ac/dc signals. The dc voltage is applied to the
Bias-Tee using a Keithly 2400 source-meter.

Figure 4.11: The device and measurement schematic for trying to measure the ISHE voltage
using CPWs. The dc voltage to apply top gate electric field is superimposed on the high-frequency
microwave signal using Bias-Tee.

First, the electrical characterization of the graphene sheet is measured by changing the charge
carrier density using the central line as top gate. The dc volatge is applied to the central line
through the Bias-Tee (along with high frequency irradiation) and the resistance of the graphene
sheet is measured between the two gold contacts. The gate dependence of the graphene sheet
resistance is shown in Fig. 4.12 (b). Notice that the graphene is n-doped because the charge
neutrality point (highest resistance) is negatively shifted from zero gate voltage. Thus, in order to
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measure the maximum ISHE voltage and tune graphene’s Fermi level near the charge neutrality
point, one needs to apply -0.8 volts on the central line of CPW along with the microwaves.

Figure 4.12: (a) The electrical characterization of the graphene sheet underneath the CPW. The gate
voltage is applied to the central line of the CPW. (b) The FMR of the Py/Gr device for excitation
frequency of 5 GHz with the fleld applied at 45 degrees with respect to the plane of the film/CPW.
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Also, the FMR of the Py/Gr can be measured using the VNA as explained in chapter 3. The two
ends of the CPW are connected to the ports of VNA and the field dependence of the transmission
is measured. The typical absorption spectrum of microwave irradiation is shown in Fig. 4.12 (b).
The shown FMR is excited at a frequency of 5 GHz. The FMR can be excited for any arbitrary
direction of the external applied magnetic field.
Next, in order to measure the ISHE, the dc voltage of -0.8V (corresponding to charge neutrality
point in Fig. 4.12) is superimposed on the pulsed microwave radiation. For applying the gate electric field, the opposite end of the CPW central needs to be electrically floated. Without terminating
the opposite end of the CPW, when the microwaves are turned on, the measured voltage signal
shows a huge oscillation. The origin of this signal can be associated to standing waves forming
on the open waveguide. It is well known that high-frequency waveguides with bad impedance
matching result in the reflection of the waves and, subsequently, standing waves. The physical dimensions of the CPWs defined on these graphene ISHE devices correspond to 50 ohm impedance.
When the opposite end of the CPW is terminated by 50 ohm, this oscillating signal disappears. But
this means that is not possible to apply the gate voltage on the signal line of the CPW, which is
required to tune the graphene sheet’s Fermi level for measuring the ISHE at the same time that the
high-frequency microwaves are applied. Due to this limitation the current device design, it cannot be used to measure the ISHE effect in graphene. Only if the graphene sheet is not doped and
the charge neutrality point lies at zero gate volatge, this device geometry can be used to carry out
the ISHE experiments. But the different fabricated devices prepared for these experiments always
shows uncontrollable doping from the impurties or enviroment resulting in shifting of the Dirac
point of graphene.
Therefore, this device configuration has limitations of its own in the sense that irradiation and
gating of the graphene cannot be applied simultaneously.
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In the absence of externally applied gate voltage (i.e., with central line shorted), no ISHE voltage
signal is observed by sweeping the external field through the resonance condition. This asks for a
change in the current device and in the experimental designs in order to incorporate the capability
of gating and applying ac magnetic fileds at the same time.

4.3 Development of ISHE measurement setup for ac fields generated using microwave cavities

In order to overcome the problem associated with device design discussed in the previous section,
a ISHE measurement setup using cylindrical resonant cavities is developed. Instead of using onchip CPWs and incorporating the FM/NM layers in it, the bilayer samples of FM/NM can be
simply placed inside a microwave cavity and the gate voltage can be applied independently without
affecting the ac magnetic fields.
For my experiments, a cylindrical cavity with inner radius of 1.75 cm and inner length of 3 cm is
machined out of a copper piece. An optical image of the hollow cavity is shown in the Fig. 4.13
(a). Special care is taken to make sure that the inner walls of the cavity are smooth. In order to
couple the microwave irradiation from the source and excite the different modes of the cavity, a
metallic circular loop is introduced through the top plate of the cavity.
The central conductor of a semi-rigid coaxial cable is used make a small loop and this loop is placed
at distance of 3/4 of the radius from the center of the cavity. The loop is shortened to the cavity
surface and the loop is orientated in the zy-plane, as depicted schematically in Fig.4.13 (b). For
the cavity dimensions used here, different transverse electric (TE) and transverse magnetic (TM)
modes can be excited. The fields for one particular mode called TM011 are shown in Fig. 4.13 (c),
where the circular lines represents the direction of the oscillating ac magnetic field inside the cavity
at the bottom plate. Figure 4.13 (d) represents the corresponding relative magnitude/intensity of
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the magnetic field of lines. It shows that the intensity is maximum at the location of the coupling
loop shown in Fig. 4.13 (b).

Figure 4.13: (a) Optical image of a cylindrical cavity. (b) Optical image of the top plate of the
cavity with coupling loop. Inset shows the schematic of the coupling loop to excite the different
modes of cavity. The loop plane is parallel to the yz-plane. (c) The direction of the magnetic
field component for the TM011 mode at the bottom plate of the cavity. (d) The intensity of the
microwave ac magnetic field at different positions of the plate.
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The different excited modes can be measured and differentiated using the Vector Network Analyzer. As only one probe is coupled to the cavity, these excitations can be measured in reflection
mode. The typical response of the cavity over a wide frequency range is shown in the Fig. 4.14.
The different observed modes are identified and denoted in the same figure. The particular mode
of interest is at frequency of 8.75 GHz and is called TM011 mode. For this mode, the magnetic
field lines are directed as denoted in Fig. 4.13. The quality factor of this mode is approximately
800.

Figure 4.14: The different modes measured using the Vector Network Analyzer. The identified
modes are written in the graph.
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To test this cavity for ISHE measurements, a bilayer structure of Py/Pt is used. The Py/Pt bilayer
stack with dimensions of 3mm long and the 25 um wide is prepared by standard photolithography
and material deposition. The thickness of Py and Pt is 15 nm each. The substrate with bilayer
stack sample is placed on the bottom plate of the cavity as shown in Fig. 4.15. The sample is
placed at the position of maximum ac field and the long axis of the bilayer stack is aligned parallel
to the direction of the magnetic field lines. The ends of the Py/Pt stack are connected attached to
the conducting pads with fine gold wires using either wire bonder or conducting epoxy. Thin low
resitance Cu wires are used to electrically connect the sample electrodes from the inside of the
cavity to the lock-in amplifier.

Figure 4.15: Optical image of the bottom plate of the cylindrical cavity where the sample is placed.
The electrical wires are introduced through a small hole. The sample is electrically connected using
thin gold wires and epoxy as depicted. The sample is placed at the position of maximum ac field
magnitude.
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For ISHE voltage measurements, the cavity is positioned in-between the poles of the electromagnet
at room temperature and the external dc field applied within the plane of the sample (see Fig. 4.15).
Similarly to the previous ISHE measurements, the microwaves of 8.57 GHz pulses are generated
using a high frequency switch. The voltage is measured by referencing the lock-in amplifier at
the modulation frequency of the microwave pulses. The measured ISHE voltage generated in Pt
is shown in Fig. 4.16 (a). As expected, the magnitude of the ISHE voltage reverses sign with
the reversal of dc field direction. Also, the measured signal scales linearly with the microwave
power, as shown in Fig. 4.16 (b). Note that with increasing power, there is some asymmetric
contribution to the measured signal which becomes prominent at higher microwave powers. This
asymmetric contribution which becomes relatively enhanced at high powers is associated with
AMR contributions. This measurements proves the applicability of this cylindrical cavity to carry
out the ISHE measurements. In principle, any of the excited modes can be used for the experiment.
But for certain modes, the spatial distribution of electric field and magnetic field lines are more
complex and can affect the electric field generetd due to the ISHE effect. Ideally, one would want
the mode for which there is no component of oscillating electric field in the direction of the ISHE
electromotive field.
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Figure 4.16: (a) The ISHE measurement using the microwave cavity. The signal reverses with the
reversal of external magnetic field. The mode excitation frequency is 8.57 GHz (b) The power
dependence of the signal shows the linear proportionality.
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Next, in order to extend the ISHE studies to graphene, bilayers of Py/Gr are prepared by transferring the graphene films onto Si/SiO2 substrate. The thickness of the SiO2 is 290 nm which gives
optimal contrast for graphene under the optical microscope. The device is prepared as explained
before for the case when Py/graphene is burried inderneath the CPW, with the only difference that
there is no top oxide layer and CPW metals. Also, the doped silicon layer of the substrate is used
as back gate to tune the charge carriers in graphene. The optical image of the completed device is
shown in the Fig. 4.17.

Figure 4.17: The optical micrograph of a graphene device for cavity ISHE measurements. The
Py/Graphene strip is 1 mm long. The electron microscopy image of the zoomed-in area of the
same device is shown. The graphene sheet is continuous over device dimensions.
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The zoom in view of the device shows the electron micrograph of the device where the protruding
part of the graphene is contacted by the gold electrodes to make electrical connection. The substrate
with the Py/Gr device is then placed on the bottom plate of the cavity. Similarly to the Py/Pt
devices, the long axis of the bilayer stack is aligned in direction parallel to the ac magnetic field
lines inside the cavity. In this experimental setup, the gate volatge can be independently applied
without affecting the source of ac magnetic field.
To apply the back gate voltage, the substrate is electrically insulated by placing it on the thin
insulating Kapton tape. The graphene electrodes are connected to the big epoxy blobs sitting on
the insulating substrate (as shown in Fig. 4.15) using the gold wires. The electric gate voltage to
tune the charge carriers in graphene sheet is applied to the Si. The gate dependence of the graphene
sheet resistance is shown in the Fig. 4.18 (a). This shows that the graphene is slightly p-doped as
the Dirac point is shifted by few volts (5V) from the zero applied gate voltage.
For measuring the ISHE voltage in graphene, a back gate voltage corresponding to charge neutrality point (5V) is fixed. The external dc field is applied normal to the plane of the Py/Gr layer. With
the ac magnetic field in the plane of the film (along the long axis), one would expect to see the
maximum ISHE voltage generated. The external field is swept through the resonance and voltage
is recorded by the lock-in amplifier. The typical scan for two different applied gate voltages is
shown in Fig. 4.18 (b). Clearly there is no sign of symmetric voltage as it was observed for Pt.
The dc field was also applied in all possible directions but no signal was observed. The position of
the cavity is also changed realtive to the poles of the the electromagnet to apply the magnetic field
in arbitrary directions with respect to the plane of the Py/Gr. In all different measured configurations, no noticeable signal is meaured. The ISHE measurements are also performed with different
applied gate volatges to scan the whole Fermi energy landcape of the graphene charge carriers.
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Figure 4.18: (a) The back gate dependence of the graphene ISHE device. This shows that the Dirac
point is accessible with the back gate. (b) The measurement of the voltage signal at different applied back gate voltage using the microwave cavity. The is no measurable voltage signal observed
at the resonance condition. The field is applied perpendicular to the plane for the shown dc field
sweeps.

It should be stressed here that the absence of any measurable signal in this device configuration
points to some underlying limitation in the devices studied so far. The most likely reason for the
absence of ISHE signal is that the Py is shunting all the voltage due to the fact that the resistivity
of graphene near the charge neutrality point is orders of magnitude higher than that of metallic
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Py. The spin diffusion length of graphene is of the order of a few microns and in these devices
the protruding part of the graphene is extended 12 µms from the ferromagnet. Although, the gold
electrodes used to measure the ISHE voltage are within the 1um distance from the edges of the
Py, the metallic Py can act as a shunt for the charge current generated via the ISHE effect. One
can think of reducing the devcie dimensions, particularly the length of the graphene, comparable
to the the spin diffusin length ( i.e., 1-2 µm) to overcome the electrical shunting problem. But, as
we know, the ISHE voltage scales linearly with the length of the ferromagnet/non-magnetic system
and, consequently, the magnitude of the resulting voltage signal can be negligible to measure using
the current experimental setup.
The most viable option to overcome the shunting due to Py, is to use an insulating ferromagnetic
material. Recently, there has been a great deal of interest in insulating ferromagnetic materials for
spin pumping studies. One of the most commonly used insulating ferromagent is called Yttrium
Iron Garnet Y3 Fe5 O12 (YIG) [75]. It has very small magnetic damping, high electrical insulation, good chemical stabilty, apart from the fact that the single crystal can be grown by different
material growing methods. The ferromagnetic YIG has already been shown to pump spins into
non-magnetic metallic systems and subsequent detection of spin currents by spin-charge conversion owing to the ISHE effect in metals [76][77][78][79]. The effort to incorporate the insulating
ferromagnetic materials with graphene is out of the scope of the work presented in dissertation.
The studies of ISHE in graphene with YIG as ferromagnetic material will be carried out in the lab
in the near future.
To summarize, the work presented in this chapter shows the successful demonstration of highfrequency modulation techniques to measure the small voltage signals generated by the inverse
spin Hall effect using on-chip CPWs as well as cylindrical cavities in non-magnetic platinum. It
also shed light on the different challenges to extend ISHE studies in two-dimensional materials
such as graphene. The effect of ISHE in graphene is more complex as compared to the other
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three dimensional non-magnetic materials, including semiconductors. The fact that the spin related
phenomena in graphene is Fermi-energy dependent makes this an interesting problem to investigate
from the fundamental as well as potential application points of view.
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[46] Zomer, P. J., Guimarães, M. H. D., Tombros, N., and van Wees, B. J. Phys. Rev. B 86, 161416
(2012).
[47] Ishigami, M., Chen, J. H., Cullen, W. G., Fuhrer, M. S., and Williams, E. D. Nano Letters
7(6), 1643–1648 (2007).
[48] Kamalakar, M. V., Dankert, A., Bergsten, J., Ive, T., and Dash, S. P. Nature Sci. Rep. 4
(2014).
[49] Koo, H. C., Kwon, J. H., Eom, J., Chang, J., Han, S. H., and Johnson, M. Science 325(5947),
1515–1518 (2009).
[50] Balakrishnan, J., Koon, G. K. W., Avsar, A., Ho, Y., Lee, J. H., Jaiswal, M., Baeck, S.-J.,
Ahn, J.-H., Ferreira, A., Cazalilla, M. A., Neto, A. H. C., and Ozyilmaz, B. Nat. Commun. 5
(2014).
127

[51] Barry, W. IEEE Transactions on Microwave Theory and Techniques 34(1), 80–84 (1986).
[52] Counil, G., Kim, J.-V., Devolder, T., Chappert, C., Shigeto, K., and Otani, Y. Journal of
Applied Physics 95(10) (2004).
[53] Beaujour, J.-M., Chen, W., Krycka, K., Kao, C.-C., Sun, J. Z., and Kent, A. D. The European
Physical Journal B 59(4), 475–483 (2007).
[54] Dlubak, B., Seneor, P., Anane, A., Barraud, C., Deranlot, C., Deneuve, D., Servet, B., Mattana, R., Petroff, F., and Fert, A. Applied Physics Letters 97(9), – (2010).
[55] Costache, M. V., Watts, S. M., Sladkov, M., van der Wal, C. H., and van Wees, B. J. Applied
Physics Letters 89(23), – (2006).
[56] Li, X., Cai, W., An, J., Kim, S., Nah, J., Yang, D., Piner, R., Velamakanni, A., Jung, I., Tutuc,
E., Banerjee, S. K., Colombo, L., and Ruoff, R. S. Science 324(5932), 1312–1314 (2009).
[57] Ferrari, A. C., Meyer, J. C., Scardaci, V., Casiraghi, C., Lazzeri, M., Mauri, F., Piscanec, S.,
Jiang, D., Novoselov, K. S., Roth, S., and Geim, A. K. Phys. Rev. Lett. 97, 187401 (2006).
[58] Chappert, C., Dang, K. L., Beauvillain, P., Hurdequint, H., and Renard, D. Phys. Rev. B 34,
3192–3197 Sep (1986).
[59] Nibarger, J. P., Lopusnik, R., Celinski, Z., and Silva, T. J. Applied Physics Letters 83(1)
(2003).
[60] Zakeri, K., Lindner, J., Barsukov, I., Meckenstock, R., Farle, M., von Hörsten, U., Wende,
H., Keune, W., Rocker, J., Kalarickal, S. S., Lenz, K., Kuch, W., Baberschke, K., and Frait,
Z. Phys. Rev. B 76, 104416 (2007).
[61] Zhou, Z., Gao, F., and Goodman, D. W. Surface Science 604(1314), L31 – L38 (2010).

128

[62] Berger, A. J., Amamou, W., White, S. P., Adur, R., Pu, Y., Kawakami, R. K., and Hammel,
P. C. Journal of Applied Physics 115(17) (2014).
[63] Castro Neto, A. H. and Guinea, F. Phys. Rev. Lett. 103, 026804 (2009).
[64] Cao, C., Wu, M., Jiang, J., and Cheng, H.-P. Phys. Rev. B 81, 205424 (2010).
[65] Gerrits, T., Schneider, M. L., and Silva, T. J. Journal of Applied Physics 99(2) (2006).
[66] ’t Erve, O. M. J. V., Friedman, A. L., Cobas, E., Li, C. H., Robinson, J. T., and Jonker, B. T.
Nature Nano 7, 737–742 (2012).
[67] Cobas, E., Friedman, A. L., vant Erve, O. M. J., Robinson, J. T., and Jonker, B. T. Nano
Letters 12(6), 3000–3004 (2012).
[68] Ando, K., Yoshino, T., and Saitoh, E. Applied Physics Letters 94(15) (2009).
[69] Mosendz, O., Vlaminck, V., Pearson, J. E., Fradin, F. Y., Bauer, G. E. W., Bader, S. D., and
Hoffmann, A. Phys. Rev. B 82, 214403 (2010).
[70] Cao, C., Wu, M., Jiang, J., and Cheng, H.-P. Phys. Rev. B 81, 205424 (2010).
[71] Castro Neto, A. H. and Guinea, F. Phys. Rev. Lett. 103, 026804 (2009).
[72] Balakrishnan, J., Koon, G. K. W., Avsar, A., Ho, Y., Lee, J. H., Jaiswal, M., Baeck, S.-J.,
Ahn, J.-H., Ferreira, A., Cazalilla, M. A., Neto, A. H. C., and zyilmaz, B. Nat. Commun. 5
(09/01/2014 online).
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